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Abstract
A lenticular film system designed to suppress image degrading crossover during dual
screen radiographic exposure is proposed and evaluated. The lenticular screen consists
of two sheets of crossed cylindrical lenslets each with a frequency of 25 lenslets/mm. A
numerical analysis via optical ray tracing compares the theoretical frequency response of
the proposed system to that of a conventional radiographic film. It shows an enhancement
in the response by a factor of two, for frequencies 1-4 c/mm.
Experimental measurements made on simulations of the proposed system using Kodak film
type, SO-241 confirm the predicted improvement in the mid-frequency range. The
proposed lenticular system reduces the need to absorb crossover illumination with a tinted
film base by imaging crossover illumination with lenslets molded into the film base. By
using the crossover illumination as part of the image forming exposure, a reduced
radiation dose is required to obtain comparable or improved image quality.
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1. Introduction
1 .1 Statement of the Problem
The diagnostic value of a medical radiograph is limited by its image quality. A typical
radiographic system uses a double coated film with an emulsion layer on both sides of the
film base. Intensifying screens placed on each side of the film emit visible radiation when
excited by x-rays. For ideal image formation, it is preferable that light from each screen
expose only the emulsion immediately adjacent to it. If total isolation of exposures can not
be achieved, light from one screen will diffusely penetrate the base and expose the
opposite emulsion. The result is a significantly degraded image caused by scattering of
the crossover illumination.
A novel radiographic film system, designed to control crossover without sacrificing process
sensitivity, offers potential improvement in image quality. The research described in the
following pages evaluates how effectively the proposed lenticular system controls
crossover and characterizes the improvement in its image formation.
1.2 Severity of the Problem
Most common medical x-ray films have tinted bases to absorb crossover illumination. It is
estimated that a tinted base may remove as much as thirty percent of the transmitted light.
Tinted bases, however, have two disadvantages. First, the filter is not removed during
photographic processing, but remains present during critical examination by the
radiologist. Second, and most important, light absorbed by the base is lost, and does not
contribute to the effective film exposure. Because of a deliberately introduced filter, the
decreased system efficiency requires increased radiation of the patient to generate a
photographic image.
Optical interaction between emulsion layers is a small part of the complex problem of
forming a photographic record from a radiographic image. It is appropriate to place the
investigations of this interaction in perspective with the inherent physical limitations of
radiography. To date, x-rays can not be focused with commercially available radiographic
systems. The image quality of a radiograph is limited primarily because an unfocused
shadow of the area of interest is projected onto the intensifying screen. Additional
degradation occurs when the image is converted to visible radiation by an intensifying
screen. Subsequently, film and development processes further degrade the image. The
transfer function of each portion of the system describes its effect on final image quality.
The evaluation described in this thesis will determine the transfer function of the proposed
lenticular system, and compare it to conventional radiographic film systems.
The loss of image quality from crossover is sufficiently severe to warrant investigation by
Petri (1956)1, Berg and Spuhler (1965)2, and others. A novel lenticular film system reduces
the need to absorb crossover illumination. By using the illumination instead of removing it
as in the case of tinted bases, the lenticular base system offers the potential advantage of
preserving image quality while increasing sensitivity. Such an advantage would permit
reduced radiographic dosage.
1.3 Research Objectives and Scope
The research performed to assess the image quality and sensitometric performance of the
proposed system uses a twofold approach. Included is a theoretical model using simple
ray trace techniques and an experimental simulation of the system. The computer model
provides an estimation of the magnitude of spreading encountered and hence a
quantification of potential improvement. It contains a limited set of optical characteristics
and investigates optical effects only.
An experimental evaluation assesses the non-linear photographic effects, which can not be
obtained from the model. The experimental evaluation measures both sensitometric and
microstructure characteristics in simulated configurations which enable individual layers to
be studied.
Because of the relative ease of measurement, a broad, global design is used to evaluate
the sensitometric response of the test system. Several test conditions are explored
quantitatively to obtain an estimate of the magnitude of the interaction in the simulation.
From this set of sensitometric samples, a smaller group of particularly interesting
configurations is selected for the microstructure measurement.
The evaluation of the proposed lenticular system has the following objectives:
-To evaluate the application of a lenticular base as a means of preserving
sensitivity while controlling crossover in a radiographic system.
-To understand the image quality of the two dimensional image formed by a
crossed lenticular base and describe analytically its frequency response by
comparative assessment against clear base systems currently in use.
The modeling task investigates and verifies the theoretical optical design as a precursor to
the labor intensive experimental portion. For the experimental portion, quantitative
measurements of a simulation are used to evaluate the improvement obtained with a
lenticular system. Because, incorporation of the lenticular design into an actual
radiographic system is required to understand fully some of the radiographic noise effects,
these effects could not be investigated. Whenever possible, a statistical approach is used
to collect and reduce experimental data so that variabilities of the process are identified.
1.4 Summary of the Findings
The theoretical modulation transfer functions computed for the lenticular base indicate that
a pooling of the light by the lenslets does permit a significant increase in the predicted
modulation of low frequencies by as much as a factor of two.
Experimental measurements indicate that the increased modulation occurs only in the mid-
frequency region and no improvement could be identified in the low frequency region.
Sensitometric measurements indicate that the lenticular base is much less transmissive
than a clear base and that as much as 50% of the incident light is totally internally
reflected.
Additional optimization of the lenticular design may offer some improvement in the tradeoff
of aperture size, screen frequency, and sensitometric response. Image noise
measurements and psychophysical testing are needed to supplement the evaluation before
the system can be shown to be useful.
2. Description of the Lenticular System
2.1 Lenticular Design
Lenticular film was first proposed by G. Lippmann (1908)3 as a means of steroscopic
recording. It has also been investigated as part of the original Kodachrome system
(1952)4. Among other applications, it was used to record multiple color separations on
one film. Today it is used in Land's Polavision process (1977).5
A typical lenticular film has miniscule lenslets molded into its base. One side has a convex
surface while the other side, essentially fiat, has an emulsion coated on it. Each lenslet
serves to focus light onto the emulsion as shown in Figure 2.1.
A film which uses a lenticular base offers an alternative to the radiologist. The same
principles of lenticular optics used in modern films are applied to a radiographic film base
in an effort to concentrate image-forming light and limit scattering within the film base.
The system investigated for this project uses materials similar to present day lenticular
films, however, there is no emulsion on the lenticular material.
Figure 2.2 illustrates the radiographic system evaluated in this research. The system was
proposed by Dr. Edward M. Granger of Eastman Kodak in 1976. It consists of a
multiiayered design which uses lenticular film base without an emulsion coating. The
innermost layers are two sheets of lenticular base with embossed sides facing. The
cylindrical lenslets are oriented at right angles to each other. Because the directions of
the cylindrical lenslets are perpendicular to each other, a two dimensional concentration of
light occurs during crossover which causes a halftoned image to be formed.
The two layers of lenticular optics are placed between two pieces of radiographic film.
Emulsion sides of the film are placed facing the lenticular base. This layer configuration
constitutes a lenticular film system which can be exposed between two intensifying
screens in much the same way as conventional x-ray film.
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A Lenticular Film System for Radiography
Following exposure, the two sheets of film must be separated and processed individually.
In preparation for viewing, the developed sheets of film are registered, their emulsion sides
facing, without the special lenticular base present. With the use of a suitably high
frequency lenticular base, the halftone structure in the image occurs at a frequency that
can not be detected at normal viewing distances.
2.2 Functional Properties of a Lenticular Material
A major advantage of lenticular base over conventional tinted base is that lenslets permit
light transmitted by the upper layer to be concentrated into image forming bundles.
Because scattering of the transmitted image is reduced by the lenticular imaging system, it
is no longer necessary to absorb transmitted light with a tinted base. Instead, light
absorbed by the tinted base and lost in conventional x-ray film is used to increase
sensitivity in lenticular base film. This additional light not only increases the effective
exposure, but does so in an image forming way. Because lenslets collect transmitted light
into image forming bundles, lenticular base films should exhibit better image quality as
measured by the modulation transfer function than conventional radiographic films
receiving the same illumination from an intensifying screen.
A qualitative radiometric analysis illustrates how lenslets collect diffuse light emitted by a
single intensifying screen located above an upper emulsion. Part of the emitted light
exposes an upper emulsion, while some is transmitted through the base onto a lower
emulsion as sketched in Figure 2.3. For this analysis, it is assumed that light transmitted
by the upper emulsion is of Lambertian distribution. The object plane of each lenslet,
located at the interface between the upper emulsion and the lenticular film plane, is
imaged by the lenticular film base onto the image plane, located at the boundary between
the film base and the lower emulsion. At the image plane, the energy distribution from a
differential area of the object plane is proportional to the fourth power of the cosine of the
field angle for clear base films.
With the use of lenticular base, this energy distribution is altered by each lenslet, thus
creating a distribution similar to the one shown in Figure 2.3. The total energy available is
the same for both systems, and is proportional to the area under each curve. However,
the central peak for the lenticular system is larger than for the clear system. This causes
a major portion of the energy to be concentrated into a narrower region.
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By narrowing the spread function which is proportional to the distributions shown, an
improved transfer of low frequency information is predicted. The exact form and derivation
of these functions, and a quantitative assessment of their differences is discussed in
Section 4.
2.3 Specific Properties of the Test Material
The lenticular material investigated was provided by the Eastman Kodak Research
Laboratory. It is made of a material similar to Estar with a molding process which
produces 25 lenslets/mm (636/in). According to information provided with the material6,
each lenslet is estimated to have a focal length of 0.147 mm (5.8 mils) which is equivalent
to an f/3.68 optical system.
The index of refraction of this material is estimated to be 1.6, based upon published values
of similar materials.7 Its thickness, as measured with a precision micrometer, is 0.147 mm
(.0058in). The values cited in this section are used in Section 4 for numerical analysis of
the system.
3. Simulation of a Radiographic Exposure
3.1 Berg and Spuhler's Method of Partial Exposure
The experiments performed in the project are based upon a technique developed by Berg
and Spuhler (1965)8 to study clear and tinted films. Adaptations of the technique were
made by the author for lenticular films. The following section gives an outline of the
assumptions made in applying Berg and Spuhler's technique and, by example, describes
how layered exposures are simulated. These assumptions are applicable to both ray trace
modeling described in Section 4 as well as to experimental simulations given in Section 6
and 8.
Berg and Spuhler have studied radiographic film systems using an experimental model
based upon partial exposures. Their model describes the radiographic exposure as the
sum of two exposures to visible radiation, one from an upper screen and one from a lower
screen. Their experiments show that an effect equivalent to simultaneous partial
exposures from both sides can be created over a limited exposure region, using separated
sequential exposures first from one side, then the other. In their model, an x-ray source
and intensifying screens are simulated with a xenon lamp and white diffusing foils.9
To measure crossover, Berg and Spuhler isolated two partial exposures by illuminating
their layered model of the film-screen system from one direction only. This unidirectional
exposure, simulating a single screen system, is considered to contain one-half the
exposure energy of a dual screen system. In a dual screen system, visible illumination
occurs simultaneously from both sides of the film as a bidirectional exposure. Their
experiments show densities measured in each film layer from a unidirectional exposure are
equivalent to one-half those obtained from a bidirectional exposure. Based upon this
linearity, a unidirectional exposure was used for their research to isolate the effect of each
screen on each emulsion layer
individually.10
10
3.2 Berg and Spuhler's Layer Configurations
By using a series of layer configurations in combination with a unidirectional exposure,
Berg and Spuhler were able to investigate the light distribution between layers, and
measure the crossover exposure which traversed the film base and illuminated the
opposite emulsion. Berg and Spuhler's layer configurations are examined in the following
paragraphs to illustrate layer separation as a method of evaluating interactions within a
film-screen system.11 An adaptation of this technique is used in the experimental portion
of this project.
According to Berg and Spuhler's model, the total unidirectional exposure received by
upper and lower emulsion layers is composed of the following partial exposures.
Upper Layer: Direct light.
Light reflected from the lower emulsion layer (including multiple
reflections within the base).
Light reflected from the lower screen through the lower layer.
Lower Layer: Light attenuated by the upper emulsion including multiple
reflections within the film base.
Light reflected from the lower screen.
Their layered model requires exposure of three layer configurations to investigate multiple
reflections between layers in clear and tinted base films. For configuration A sketched in
Figure 3.1, the lower emulsion layer of a typical double coated radiographic film is
removed and a sheet of black paper is placed under the film during exposure. The
radiation received by the film during exposure is only the portion of light which penetrates
the upper screen and strikes the upper emulsion directly. Theoretically no radiation is
reflected from below.
In configuration B, both emulsion layers remain intact, but the lower screen is replaced
with black paper. This permits the lower emulsion to be exposed by crossover illumination
only. Light reflected from the lower emulsion and returned to the upper emulsion through
the film base is also quantified, by taking into account the results of configuration A.
Both emulsions and both screens are retained in place to simulate a typical radiographic
system as shown in configuration C of Figure 3.1. After allowing for the results determined
above, this system permits measurement of the amount of crossover light reflected from
the lower screen onto the lower emulsion when illuminated from above only.12
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EMULSION
EMULSION STRIPPED AWAY
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FIGURE 3.1
Berg-Spuhler Experimental Configurations
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Experimental work done by Berg and Spuhler is limited to conventional radiographic films.
Their model assumes that direct x-radiation contributes an insignificant exposure to the
emulsion (less than 5% of the total exposure.) This assumption is consistent with other
technical sources, who estimate 2-7% of the total exposure is contributed by direct
absorption of x-radiation.13
The sensitometric evaluation of layer interaction is possible by the application of Berg and
Spuhler's method of exposure separation. Studies made by them verify the superposition
of unidirectional exposures to simulate a bidirectional exposure. By simulating intensifying
screens with opal glass, and the lenticular film system with layers of radiographic film and
molded Estar film base, experimental measurements of the light distribution in the
proposed lenticular system are possible. So long as measurements are confined to within
or near the linear portion of the characteristic curve, Berg and Spuhler's technique of
partial exposures can be applied to characterize the lenticular system. The modified layer
configurations evaluated in this thesis are shown and discussed in Section 6.
13
4. Model Description
4.1 General Approach
Simple numerical calculations are used to investigate the theoretical improvement in image
quality when lenticular base is used in place of either clear or tinted base. The model is
designed to evaluate the critical component of the lenticular system, the molded base, in
the context of the proposed configuration described in Section 2. No attempt is made to
model the entire system by including the effects introduced from other sources such as
the intensifying screen, multiple reflections, or the film. Instead, only the primary image
formed in the lower emulsion directly by unreflected light is considered. To first order,
clear and lenticular systems both suffer identical degradation from the intensifying screen,
only the optical systems of the test bases need be modeled.
A special purpose ray-trace program was written to analyze the microstructure of the
image formed on the lower emulsion. A perfect point on the surface of the upper emulsion
is used as the object (or input) to the model. A family of rays is traced from this object
point through two layers of film base, either lenticular or clear, resulting in a two
dimensional spot diagram. For the purpose of this research, only the two axial profiles of
the spot diagram are determined. Although the point spread function is proportional to the
intensity profile described by the spot diagram, it is necessarily asymmetric because of the
cylindrical lenslets. By properly scaling the axial rays to account for their radiometric
contribution and integrating, a line spread function is obtained. The line spread function is
digitally Fourier transformed to obtain a modulation transfer function of the base.
The Fortran code is shown in Appendix 1. Its primary input parameters are:
the thickness of the film base (measured),
the index of refraction (specification data),
the radius of curvature (specification data),
and the alignment of optical axis with the lenticular grid (variable).
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The output of the model is a relative estimate of the integrated exposure at the image
plane, and a graphical display of the image consisting of a relative energy distribution and
the modulation transfer function obtained after normalization.
4.2 Computational Algorithms
The family of rays which define the spot diagram form a uniform distribution of energy
radiating from a single point located on the optical axis. Each ray is selected such that its
directional cosine subtends a constant delta from its neighbor and the resulting image is
mapped onto the film surface. The two programs use a geometrical ray trace technique,
(colloquially referred to as the L-U method14), to trace rays through two surfaces as
sketched in Figure 4.1. The image for each orientation is computed separately in a
program specifically designed to calculate lenticular refraction at either the first or second
surface.
The resulting partial spot diagram, containing only sagittal rays, is shown in Figure 4.2.
The off axis points are absent because these are beyond the capability of the program.
Although one hundred rays are calculated for each orientation, many are totally internally
reflected in the lenticular base and are not shown.
Because of increased total internal reflection in the lenticular base, the integrated
exposure received by the lower emulsion is less than that received in the clear base
configuration where fewer rays are totally internally reflected. This result will be discussed
further in Section 5.
By assuming the energy distributions of the intensifying screen and upper emulsion
surface are Lambertian, each ray entering the optical system is assumed to have a radiant
intensity of J0cos 9 (watts/steradian). After scaling for the projected area of the receiver
and the solid angle it subtends, the contribution of each ray to the irradiance received by
the lower emulsion is proportional to
J0cos4 0 (watts/cm2). The fan of rays therefore,
locates positions along the axis and a relative irradiance is associated with each point.
The approach described above to determine the relative exposure distribution from the
spot diagram is a modification of Smith's
technique.15 His approach distributes the rays
uniformly across the entrance pupil so that each is representative of the same fraction of
energy. The use of radiometric scaling to achieve an irradiance profile is required
because no entrance pupil for the lenticular system can be defined.
15
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From the relative exposure distribution (unnormalized), a normalized line spread function is
calculated. This information enables a radiometric comparison of the clear base to the
lenticular base. Because the ray-trace program computes rays which intersect the image
plane at unequal intervals, a linear interpolation of the relative energy distribution is
computed to obtain a file which is stored in steps of constant Ax. The necessary
restructuring of the data and normalization to an area of unity result in the determination
of the line spead function. Subsequent to the determination of the line spread function for
each condition, a third program is used to apply a window function and to fast Fourier
transform the profiles. The final result is a calculated frequency response curve which is
plotted using an automated Tektronix plotting package.
4.3 Phasing Considerations
In well-behaved, conventional imaging systems, the two-dimensional point spread function
is most frequently a monotonically decreasing expression symmetric about an origin. Most
importantly, it is stationary with respect to the spatial origin and does not change as the
point source is translated a finite distance. In a similar manner, the one-dimensional
integral of the point spread function, the line spread function is also stationary, and
independent of position.
Figure 4.3 shows the phase relationship of a line oriented parallel to the lenticular grid and
its line spread function. It is clear from the sketch, the line spread function is a function
of the line's phase with respect to the grid. Therefore, no single line spread function
describes either orientation, but instead, a family of spread functions exists. In view of this
fact, four different phases are investigated. The results describe the range of frequency
response curves theoretically possible.
A similar computation of the frequency response for lines positioned at an angle with the
lenticular grid involve off-axis tracing. Such a computation is an order of magnitude more
complex than the cases presented here, and is beyond the scope of this discussion.
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5. Model Results and Discussion
5.1 Introduction
The results for one of the two axial orientations are presented below. For the example
given, the ray encounters a planar surface, followed by a lenticular surface. Preliminary
calculations for the other case, where the ray encounters the lenticular surface followed by
a planar surface, showed similar trends and hence, are not included.
Figures 5.1 A-E show the relative energy distributions from which the line spread function
is derived and the frequency response, shown in Figures 5.2-5.4, is calculated. The series
of five figures show a different phase relationship between the line source and the optical
axis of the lenslets. The annotation of y = 0.00 mm indicates alignment with the optical
axis. The annotation of y = 0.01 mm indicates a shift which is a distance equivalent to one-
quarter the period of a lenslet. Therefore, because the offset between Figures 5.1 A and
5.1 E is exactly one lenslet, these two figures represent the same phase of two adjacent
lenslets. The distributions describe the image formed in the lower emulsion assuming a
perfect image in the upper emulsion. There is no change in the clear base spread
function with respect to phase because the base is optically homogeneous.
As expected, the line spread function for the clear base is a cos40 curve with a 50% width
of 440 micrometers. Unlike the clear base which exhibits a continuously decreasing line
spread function, the lenticular base line spread function shows the anticipated pooling of
light below each lenslet at intervals of 70 micrometers. Also unlike the clear base, the
imaged lenticular distribution terminates abruptly within the distance of approximately three
lenslets from the axis, due to total internal reflection at lenticular surfaces. In a
continuous thickness of clear or tinted base, the incident ray may reach a larger angle
before total internal reflection occurs at the interface between the base and the emulsion.
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5.2 Radiometry and Sensitometry
The total image forming irradiance received by the lower emulsion from a line on the
upper emulsion is proportional to the area under the energy distribution before it is
normalized to obtain a line spread function. The relative energy values calculated for this
system are shown in Tables 5.1. The remaining energy is lost to total internal reflection
which results in a degrading flare exposure.
The energy values in Tables 5.1 indicate that the particular lenticular base modeled
internally reflects over one-half (A log E = 0.35) of the energy impinging upon it. In fact it
is estimated, only fifty percent of the light exists as image forming light available to
contribute to the lower exposure which is poor compared to an estimate of seventy
percent for tinted bases. These calculations show that the numerical aperture of the
lenslets cause the lenticular base to totally internally reflect more incident light than typical
tinted films. As discussed in Section 7.5, this finding indicates the initial hypothesis that a
lenticular base will permit an increased image forming exposure to the lower emulsion
does not hold. Instead, the exposure received by the upper emulsion is enhanced via
internal reflections, thru which the image content can not be preserved.
TABLE 5.1
Relative Energy Received At the Image Plane
Phase (mm) Clear Base Lenticular Ratio L/C Log I
On axis y = 0.00 31.78 13.94 0.44 0.36
V* lenslet y = 0.01 31.78 14.00 0.44 0.36
xk lenslet y = 0.02 31.78 14.21 0.45 0.35
% lenslet y = 0.03 31.78 14.58 0.46 0.34
On axis y = 0.04 31.78 13.94 0.44 0.36
*L/C is the ratio of the energy at the image plane of the lenticular system to the
energy at the image plane of the clear base system.
5.3 Frequency Response
Figures 5.2-5.4 show the frequency response curves for three phases of the lenticular
system compared to the clear base system. In each figure, the clear base curve smoothly
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decreases to the axis, while the lenticular base curve is oscillatory at higher frequencies.
The windowing effect of the total internal reflection associated with the lenticular base
tends to improve its low frequency response in comparison to the clear base. Also, the
sharp peaks associated with each lenslet impose a screen-like structure on the image at
approximately 12 c/mm for all phases (Figure 5.2 A). The expanded frequency response
curves, show clearly that the improvement obtained with a lenticular base is greater than a
factor of two for frequencies between 1 to 4 c/mm. For example at 1 c/mm, the clear
base shows a modulation of approximately 0.3, while the lenticular base shows a
modulation of 0.8 at 1 c/mm.
Bunch and Sanderson stated at the 1981 SPSE conference in Arizona16, that a 0.1 change
in modulation transfer function of a radiographic film at 1 c/mm is visually significant.
Therefore, based upon these predictions, it is expected that the lenticular system will show
an improvement in frequency response when tested experimentally.
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6. Sensitometric Evaluation
6.1 Design of the Sensitometry Experiment
One of the predicted advantages of a lenticular base is that it will reduce the spread of
crosssover illumination sufficiently that the illumination can be used to supplement the
exposure received by the opposite emulsion and eliminate the need for a tinted base. To
further test this hypothesis, a sensitometric experiment was designed to compare the
system performance with a clear base to the performance with a lenticular base. The
experiment includes configurations similar to the Berg-Spuhler layer configurations which
permit measurement of the distribution of light between film layers. These comparisons
assess the non-linear interaction of the photographic process and the simple, lenticular,
optical system which are not evaluated by the model.
The two system parameters varied are the film base and exposure time. The effect of
reflected light on the characteristic curves are measured by changes in sensitivity, gamma,
and minimum density values. By observing changes in the shape of the curve, the quality
of light scattered and absorbed throughout the system may be evaluated.
The discussion of the sensitometry experiment is partitioned into two sections. The first
part (Sections 6.2-6.4) summarizes the preliminary work performed to obtain a set of
materials and processes which could be used to simulate the lenticular system described.
The second part (Sections 6.5-6.6) describes the test design and conditions under which
the lenticular system was evaluated.
6.2 Film Selection
A literature survey of numerous x-ray film products was conducted prior to the selection of
a test film. Kodak Film Type SO-241, Gray Tone Imaging film, was chosen because its
image quality characteristics are representative of medical radiographic films and because
it is operationally convenient for testing. Its emulsion is designed for general, medium
contrast radiography when exposed with either blue or green phosphors.
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Limited technical data was available in the open literature at the time of selection. It was
determined, however, through private communication with a Kodak market representative,
that the film's granularity and resolution are "typical" of modern radiographic emulsions17.
In particular, it is designed for ultrasound applications with a recommended exposure to a
cathode ray tube screen for 1/30 to 5 seconds.18
Operationally, film type SO-241 offers several advantages. Specifically, it is single coated
which permits interleaving with the test base, and Gray Tone Imaging film can be used
with a Kodak Safelight Filter, Type GBX. Unlike other radiographic films which use a
tinted base to limit crossover, this film has a clear base which decreases the amount of
exposure time necessary.
During use, it was observed that the emulsion contains a yellow dye and an orange
antihalation layer is coated on the opposite side. The antihalation layer became an
operational disadvantage which was overcome as discussed below in Section 6.3.
6.3 Film Characterization and Preparation
Preliminary experiments established the photographic development method and time used
for all sample generation. Kodak recommended processing specifies machine processing
in a Kodak RP X-OMAT system using special chemicals designed for that unit. However,
emergency processing in the event of machine failure may be done using tray processing
without agitation19. Agitation increases the probability of streaking.
Tray processing without agitation was selected for these experiments based on Kodak
recommendations and because machine processing was unavailable. Exposed film
o
samples were tray-processed using D-19 developer at 20 C. Their diffuse density was
recorded using a MacBeth TD-504 transmission densitometer.
In order to establish an optimum development time, samples exposed in a Kodak 101
sensitometer for 0.2 seconds were processed for 5, 10, and 20 minutes. The development
time selected for use throughout experimentation most closely approximates Kodak's
published curve for RP X-OMAT
development20 with regard to contrast. The results of a
development time series are shown in Figure 6.1. The selected ten minute curve shows a
contrast gamma of 1.20 and a relative log exposure latitude of 2.00. As discussed in
Section 3.1, the linearity assumption for the equivalence of summed unidirectional
exposures and bidirectional exposures are valid only within this latitude.
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To investigate potential non-uniformities associated with unagitated tray processing, an in-
tray variability test was performed. Ten wedges were contact printed using an enlarger (as
described in Section 6.5) and processed in one tray. Their diffuse density was recorded
using a MacBeth TD-504 transmission densitometer and a variance was calculated for
each density level. Appendix 2 summarizes the statistical analysis of variability.
The in-tray variability experiment indicated that processing effects introduced no
measurable variability which adversely affected the determination of a characteristic curve.
However, because the edge-gradient analysis performed in the microstructure
experimentation is sensitive to small variations in the characteristic curve, a control strip
was processed with each group of samples developed in a common tray as a continuous
check on the photographic development process. These control strips were also used to
determine a calibration curve during subsequent microdensitometry.
6.4 Antihalation Backing Considerations
As discussed in Section 3.2, this research investigates multiple reflections within film
layers. The presence of an antihaltion layer significantly suppresses reflections. Because
SO-241 is a single coated film (with an emulsion on one side only), it is unlike conventional
x-rays films used with a screen in that an antihalation layer is present. No antihalation
layer is needed in a conventional film-screen system because the films are double coated
and have an emulsion on both sides of the base. Since, the modulation transfer function
of a film is directly dependent on the spreading of light within its emulsion layer and base,
the presence of an antihalation layer in these simulations, would suppress the spreading of
light and would result in an unrealistically high modulation transfer function to be
measured. In addition, the detection of interactions would be extremely difficult.
Therefore, the antihalation backing was removed on all samples, except control samples.
Several methods of backing removal were investigated; the preferred method described
below used sodium sulfite. The single coated emulsion side of an unexposed film sample
of SO-241 was placed against a piece of glass and edges taped to prevent contamination
of the emulsion. A 10% solution of sodium sulfite and distilled water was applied using a
Chem wipe to gently swab the backing. Similarly, repetitive rinsing with distilled water
and clean wipes followed until all dye was removed. The sample was allowed to dry in a
dust free environment before being removed from the plate. This method limited
undesirable curling and contamination of the emulsion by water spotting.
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Figure 6.2 shows the characteristic curve of a sample with its backing removed by this
method. Included for reference is a sample whose backing remained intact. This
preliminary experiment verified that removal of the backing with sodium sulfite had no
detrimental effect on the sensitometric response of the emulsion as did other techniques
investigated. The expected small increase in density due to increased internal reflections
is present.
It is important to reiterate, multiple reflections within the emulsion layer may cause the
modulation transfer function of the film without an antihalation backing to be poorer than
the transfer function of SO-241 with a backing. The impact of this phenomena is
addressed in Section 9.
In summary, these preliminary experiments establish that the sensitometric curve of SO-
241 using a manual development process without agitation is similar to the recommended
process and is insensitive to in-tray variability. Also shown is that, the antihalation backing
can be removed via a simple technique using sodium sulfite without decreasing the
sensitivity of the film.
6.5 Exposure
Figure 6.3 illustrates the modified Berg-Spulher layer configurations which were exposed to
understand the contribution each layer makes to the total exposure and to understand how
the multiple reflections effect the characteristic curve. The first configuration calibrates
how much light enters the film-base system after being attenuated by the test target and
film. The second configuration allows the study of reflections from a lower emulsion. The
third configuration contains an opal glass below the lower emulsion to simulate reflections
from a lower intensifying screen. Arrows drawn in Figure 6.3 indicate reflections from
surfaces which contribute to non-imaged exposure when light rays are of sufficient
intensity.
The layer configurations were exposed using a defocused Omega enlarger with an f/4.5
lens to provide diffuse illumination for exposure from a distance of approximately 66 cm .
A Corning glass filter 5850 (blue) was placed in the enlarger to simulate a blue screen
condition according to ANSI
PPHS-2.921
and recommendations of Eastman Kodak22.
Exposure times were controlled by a Heathkit photographic electronic timer (Model PT-15).
Two exposure times were selected to provide comparable exposure at the plane of
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each test film. The shorter time of four seconds provided a useful range of densities on
the upper film layer as indicated by the number of steps visible in the developed image.
The longer time of thirty-two seconds was required to obtain enough exposure at the plane
of the lower emulsion to create a measurable image. Each layer configuration was
exposed for both four seconds and thirty-two seconds to provide a fully crossed
experimental design.
A Kodak No. 2 sensitometric wedge of 0-3.0 neutral density in 21 steps was used for
sensitometric studies, and for microdensitometer calibration as discussed in Section 8.4. A
second wedge containing a National Bureau of Standards edge was also exposed and
developed with this series for the microdensitometer measurements discussed in Section 8.
Its ten areas of varying densities, illustrated in Figure 6.4, were arranged to create varying
contrast edges along the longitudinal axis. Although primarily used for edge gradient
analysis, the ten areas were measured and characteristic curves generated from
macrodensitometer data to supplement the more accurately determined curves obtained
from the Kodak wedge.
Two film bases were investigated. The lenticular system used two sheets of lenticular base
which were loaned by Eastman Kodak. The base is believed to be made of an Estar-like
material approximately 0.147mm thick. Measurements made using a Nikon Measurescope
showed the base to contain 25 lenslets/mm. The clear base condition served as a
reference for the experiments, simulating non-tinted conventional double coated x-ray film.
It was desired that the spacing between the upper film layer and the lower film layer be the
same for both the clear base and the lenticular base configurations. To simulate a
thickness equivalent to the lenticular system, two layers of Mylar were liquid gated
together using xylene as an index matching fluid. This provided an equivalent spacing
between emulsion layers and a comparable thickness of plastic to absorb light.
Although not illustrated in the figures, a piece of single pane glass (8"x10") served as the
uppermost layer of each configuration. Its evenly distributed weight controlled the spacing
between layers, with the intent to maintain uniform and repeatable spacing for each
juxtaposition.
In addition, a control strip for each cell was exposed for four seconds using the same
illumination system as described above. Figure 6.3 D illustrates its layer configuration. A
twenty-one step tablet placed in contact with the emulsion of the control strip was exposed
and used to monitor repeatability of the exposure and development processes. In order to
insure no variability was introduced into the control sample, the antihalation backing on
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the control strip was kept intact as originally manufactured.
6.6 Photographic Processing and Measurement
All six strips representing one cell in the matrix, including the control strip, were developed
together in one tray for ten minutes, stopped and fixed for five minutes. Tray processing
as described in Section 6.2 was used. Characteristic curves were established from diffuse
transmission density values obtained using a MacBeth TD-504 densitometer.
The results of these curves are compared using three response variables, speed point,
minimum density, and average contrast. The speed point of each configuration measures
how efficiently each layer configuration was able to collect illumination entering it.
Consistent with ANSI Standard PH 2.923, the speed point is recorded as the relative log
exposure required to obtain a density of 1.0 above minimum density.
Minimum density represents the minimum recorded diffuse density in an area which
received no direct illumination from the enlarger. Typically, this would correspond to the
base-plus-fog density of SO-241. Because of the deliberate introduction of scattered light
into the system, the minimum discernable density, Dmjn, was higher than base-plus-fog in
configurations where scatter was present. The term minimum density is used here to
avoid confusion with the base-plus-fog of SO-241 which could be measured only in the
control curves.
Average contrast is the slope of the useful part of the characteristic curve. For this study,
average contrast is measured as the slope of the straight line segment connecting a point
located 0.25 above Dmjn and a point located 2.00 above Dmjn. This definition is consistent
with recommended standards for medical radiography.
6.7 Summary of the Sensitometry Experiment Design
The preliminary experimentation provided a repeatable and uniform processing method for
the selected film, SO-241, which is a suitably representative film. Modified layer
configurations based on Berg-Spuhler's simulations of screen-film systems were identified
in order to study individual layer reflections. Table 6.1 summarizes the parameters and
matrix design for the sensitometric experiment. Finally, system response variables of
speed point, minimum density, and the average contrast of the characteristic tone
reproduction curve were selected to evaluate the sensitometric effects of crossover.
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Table 6.1
Matrix Design for the Sensitometry Experiment
Exposure Time 4 seconds 32 seconds
Film Base Lenticular Clear
Layer Configuration
Upper layer only
Upper & lower emulsionsw/o screen diffuser
Upper & lower emulsionsw/screen diffuser
Exposure & development control (StepWedge only)
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7. Sensitometric Results and Discussion
7.1 Characteristic Curves and Their Variability
Figures 7.1 to 7.8 show comparative graphs which summarize the sensitometric results.
The figures show the measured characteristic curves as determined for the individual
layers studied. When appropriate, the upper right corner of each figure contains a
tabulation of the minimum density, speed point, and average contrast for that particular
layer as defined in Section 6.6 The following paragraphs discuss the interpretation of
these curves with respect to the effect of crossover on sensitometric response.
Figure 7.1 shows the average of twelve characteristic curves from samples which were
exposed and developed on four different days. As a measure of the variability, a 96%
confidence interval for each density level is shown as tabulated in Appendix 3. The
average of the twelve curves represents an intrinsic characteristic curve for SO-241 film
when exposed and processed under the control conditions described earlier in Section 6.5
and 6.6.
If the film response is assumed constant throughout the experiment, then all variation in
these curves can be assigned to some combination of exposure variation, development
variation, and measurement variation. An attempt was made to randomize the variability
introduced by these three sources in the matrix design. It is assumed that the variability
introduced by the above sources is randomly distributed and is not a function of the test
variables investigated. By doing so, variability measured in the control strips is considered
representative of the random variability associated with all samples.
The standard deviation measured in the control curves at each density level is considered
representative of the random variability associated with all samples. Interpretation of all
subsequent figures must consider this variability. Any differences in two curves must be
significantly greater than this variation in order to be attributed to the independent variable
under test.
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7.2 Reciprocity Law Failure
According to the reciprocity law, the intrinsic shape of the film characteristic curve is
independent of the exposure time. The developed density is a function of the product of
intensity and exposure time, regardless of the relative magnitude of either the intensity or
time. Based on this law, the curve obtained with a four second exposure should merge
smoothly into the curve established with a thirty-two second exposure. Frequently this law
does not hold for relatively long exposure times, as illustrated for this experiment in Figure
7.2 by a shift of 0.4 log exposure units between the four second curve and the thirty-two
second curve.
Because of the presence of an exposure shift, the reciprocity law is inapplicable and the
four second and thirty-two second data could not be merged directly. Instead, the four
second and thirty-two second curves are analyzed independently to investigate effects in
the toe and shoulder of the characteristic curve while avoiding any bias introduced by
non-linear reciprocity effects. Where possible, the mechanism producing the effect is
identified in the following discussions.
7.3 Configuration A, Upper Layer
Examined first are the effects of reflections from the test base which are returned to the
upper layer. The effects are identified by comparing the sensitometric response measured
in the upper layer of configuration A to the response in the control configuration,
configuration D, in which there was no test base. To simplify this discussion, the term
primary exposure is used to refer to the illumination transmitted by the test pattern and
absorbed by the upper emulsion directly without being reflected by surfaces below the
upper emulsion, such as the lenticular base or lower emulsion. Light reflected from the
test base is considered a secondary source of exposure which occurs simultaneously with
the primary exposure.
The response investigated in configuration A measures the effect of light from the
additional exposure due to the secondary source. Figure 7.3 A compares the curves
representing the four second exposure for both clear and lenticular bases to their control
curves. For both bases, the speed point of the upper layer in configuration A is slightly
less than that of the control curves, which indicates that the upper layer in configuration A
receives more exposure than in configuration D. This seems counter intuitive at first
examination because the illumination received by the upper emulsion in configuration A is
very similar to that of the control configuration, except the primary exposure of
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unreflected light penetrates the emulsion support layer before striking the emulsion as
sketched in Figure 6.3. If the support layer of the upper emulsion had any effect on the
primary exposure, it would cause the emulsion in configuration A to receive a slightly
lower exposure than the control onfiguration which would increase the speed point. This
observation, however, is easily explained by the secondary exposure reflected from the test
base.
To quantify the relative intensity of the secondary exposure, a conservative estimate may
be obtained by assuming the support layer had no effect. To assume no difference in the
effect of the primary exposure for configuration A and the control configuration, assigns all
of the increased exposure observed for configuration A to a secondary exposure by light
reflected from below the emulsion.
Quantitatively, both clear and lenticular base speed points show a 0.115 log exposure
difference from their respective control curves (four second exposure), which indicates the
secondary exposure causes the total exposure to be 1.37 times the primary exposure.
Thus the secondary exposure, which is returned to the upper emulsion by the film bases is
of very low intensity. Although a conservative estimate, this secondary exposure accounts
for the increased sensitivity of the curves for configuration A over the control curves in
Figure 7.3 A.
The mechanism of exposure which may be understood by comparing the average contrast
of the primary exposure to that of configuration A is a non-linear effect. Two interactive
factors control the shape of the characteristic curve of the upper layer in configuration A.
During exposure, areas beneath high density steps of the wedge receive less light than
areas beneath lower density steps. Because less light is available to be reflected by the
bases in high density areas, this portion of the characteristic curve is less sensitive to any
changes introduced by the reflective nature of the bases themselves. In areas receiving a
higher exposure, more unabsorbed, transmitted light is returned to the upper emulsion by
the clear base, which effectively causes an increase in the measured average contrast of
both configuration A samples.
The intrinsic characteristic curve shape of the film-development system is a second factor
which determines the sensitometric response of configuration A. Its slope, lower in the toe
and shoulder regions than in the linear region, interacts with the reflected light to alter the
contrast in these regions. To describe how the average contrast of the system changes
with the addition of a secondary exposure from the base to a direct primary exposure, the
following model makes a linear approximation to the first effect of varying illumination
intensity, while assuming the intrinsic characteristic curve is linear in its central portion.
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This simple model describes the change in average contrast when a secondary exposure
from the base is added to the direct primary exposure. Figure 7.4 illustrates graphically
the notation used below.
Let EH be the exposure received by a step located in the high density region of the linear
portion of the control curve (at H) and let the control curve represent the effect of the
primary exposure. Let EL be the exposure received by a step located in the toe portion of
the control curve (at L).
Let
EH'
and
EL'
correspond to the exposure received by the film when exposed in
configuration A.
EH'
and
EL'
are the sum of the primary and secondary exposures. The
secondary exposure represents scattered light reflected from the test base and is a fixed
fraction x> of the primary exposure received by that step.
Therefore, by definition,
log
EH'
= log [ EH + XEH ]. 7-01
log
EL'
= log [ EL + XEL ] 7-02
Similarly, let yH and yL represent the instantaneous slope of the characteristic curves at
these points. Assuming xEH to be small compared to EH, the instantaneous slope at H is
approximately equal to the instantaneous slope at H'. The same assumptions are made for
the low exposure point, L'.
The density achieved by the upper layer due singulary to the primary exposure may be
represented by a linear equation fit between the points L and
L'
and H and H'.
DH = yH log [ EH ] + c, 7-03
DL = yL log [ EL ] + d, 7-04
where c and d are constants indicating the ordinate value at the origin of
the abscicca.
Similarly, the density achieved by the upper layer in configuration A due to both the
primary and secondary exposures may be represented by:
DH'
= yH log [ EH + XEH 3 + c- 7"05
DL'
= yL log [ EL + XEL ] + d. 7-06
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The Change in Average Contrast Due to the Addition
of the Secondary Exposure In Configuration A
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Because it is associated with the linear portion of the curve which is higher contrast than
the toe, yH is greater than yL and
ADH - DH = yH log [(1 + X)(EH)] - yH log [ EH ]. 7-07
ADH = yH log [ 1 + x ]. 7-08
ADL =DL'-DL = yLlog[1 + x ]. 7-09
Therefore, ADH is greater than ADL and the average contrast of configuration A is
predicted to be greater than that of the control curve which received only the primary
exposure.
Based upon the above calculations, the introduction of a secondary exposure reflected
from the base is expected to increase the average contrast over that obtained with only
the primary exposure. The expected observation is present in configuration A samples;
the average contrast of the clear base samples are greater than the control curves. It is
reasonable to expect both bases to have approximately the same effect assuming their
reflectance is the same. However, no significant increase in average contrast was seen in
the lenticular system when compared to its control curve. This indicates the lenticular
base may not be as reflective as the clear base.
Comparing clear base and lenticular base configurations for exposure condition A, no
difference between film bases is measured in the four second curves at low exposure with
regard to the minimum density and speed point. A slight exposure shift is observed
between the two film base conditions, however, the effect is not significant, in view of the
fact that control curves for these two cells show a similar shift.
The thirty-two second exposure case shown is Figure 7.3 B indicates no difference
between the test bases in their speed point or average contrast when corrected for
changes in their control curves. The clear base condition does exhibit a 0.02 increase in
minimum density above the lenticular condition, which itself is not definitive, but weakly
indicates that the clear base is slightly more reflective than the lenticular base.
The conclusions formed from these two analyses, a comparison of clear and lenticular
systems to control curves and to each other, indicate that a small, statistically significant
second exposure is introduced by the presence of either base which decreases the speed
point of the upper emulsion by a factor of 1.37 and increases the average contrast. No
significant difference between bases could be measured in the sensitometric effects
caused by the additional exposure. This result confirms the prediction which is expressed
by equations 7-1 to 7-09 which assumes the additional exposure is non-spreading at the
macroscopic level.
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7.4 Configuration B, Upper Layer
Examined next are the results for the upper layer in configuration B in which a portion of
light is not fully absorbed by either the upper emulsion or intermediate bases. Instead,
some light continues to the lower emulsion, where it is partially absorbed by the lower
emulsion and a portion is returned to the upper emulsion by reflection. Here the primary
exposure is defined as the illumination received by the upper emulsion directly from the
transmission test pattern (as previously defined) and is again assumed equivalent to that
represented by the control curve. The secondary exposure in this configuration is
changed slightly from that of configuration A. Reflections from both the base and lower
emulsion together form the secondary source in this case.
Comparing the test bases to each other, two causes exist for the clear and lenticular
system responses to differ in sensitometric curve shape. First, the clear base permits light
entering at large angles to be reflected internally over broader angles than the lenticular
base as shown in the ray trace analysis given in Section 4. Second, the amount of light
available for reflection is a function of the wedge transmission as discussed earlier. Clear
base film allows reflections from higher exposure areas to more readily spread into lower
exposure areas, causing more reduction in average contrast over the entire curve for the
clear base configuration than for the lenticular base.
Mathematically, the lenticular system in configuration B closely resembles the spreadless
system already described by equations 7.01-7.09. In a spreadless system, the secondary
exposure, received by a particular area due to reflections from the base and from the
lower emulsion, is a function of the transmitted exposure of that step (XE). The clear base
system is better approximated by that of a uniform fogging system. In the uniform fogging
system, the secondary exposure is of a constant illumination regardless of which area is
examined because of light spreading within the base. For these reasons, both bases in
configuration B are predicted to cause changes in sensitometric curve shape from the
curve representing only the primary exposure. The nature of these changes for the
lenticular base system are comparable to the trends already described for a spreadless
system, however, the magnitude of the increased average contrast may differ. The nature
of these changes for the clear base system are estimated by the equations discussed
below.
Let EH be the exposure received by a step located in the high exposure region of the
linear portion of the control curve. Here the control curve is considered to be
representative of the primary exposure, and the secondary exposure is considered to be
composed of reflections from both the base and lower emulsion.
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Let EL be the exposure received by a step located in the toe portion of the control curve.
EH and EL are defined as in Section 7.3.
EH'
and
EL'
correspond to the exposure received by these two steps when exposed in
configuration B to both primary and secondary exposures.. The contribution of the
secondary exposure is approximately constant for all steps because it is diffusely spread
throughout the base. Therefore, by definition,
log
EH'
= log [ EH + AEH ], mo
log
EL'
= log [ EL + AEH ], 7-11
where A is the fractional portion of EH reflected by the lower emulsion and the clear base.
Similarly as in Section 7.3, let yH and yL represent the instantaneous slope of the
characteristic curves at these points. The density achieved by the upper layer in
configuration B may be represented by a linear approximation at each point.
DH = yH log EH + c. M2
DL = yl log EL + d. 7-13
DH'
2S yH l09 [ eh + iEH 1 + c-
~ yh log [ (1 + A) EH ] + c. 7-14
DL' ~
yl log [ EL + AEH ] + d. 7-15
YH is greater than or equal to Yl because it is
associated with the linear portion of the
curve which is higher contrast than the toe, and
ADH - DH.
= YH l09 K1 + A)] + ?H l09 KM +
c'
Th '9 [ EH ] - c. 7-16
ADH= yh ,09 [ 1 + A J- 7"17
ADL^ yl tog [ 1 + A(EH/EL) ]. 7-is
For the clear base, configuration B condition, the following approximations provide an
estimate for the magnitude of the above values:
EH/EL = 50. yh = 1-; YL = -2'< A
= -2; therefore
ADH = 0.079; and ADL = 0.208
Because, AD is greater than ADH, the average contrast obtained from both a primary
exposure and a secondary exposure in the configuration B clear base system is predicted
to be lower than that obtained from the primary exposure as represented by the control
curves. Additionally, the increase in minimum density is expected to be greater with a
clear base than with a lenticular base because of more spreading within the base.
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The effect of the secondary exposure on the upper layer is apparent in Figure 7.5 A where
the system sensitivities for both clear and lenticular systems in configuration B are
compared to the control curves. The lenticular base was found to exhibit approximately a
0.17 log exposure difference between its speed point at a four second exposure and the
speed point of its control curve. This factor of 1.48 increase in sensitivity over the primary
exposure is a small increase but distinctly greater than the factor of 1 .37 increase found in
configuration A. The clear base was found to exhibit a speed point which was 0.11 log
exposure units less than that of the control curve which is comparable to the decrease
measured in configuration A. The presence of the lower layers, both the emulsion and
base, contribute to the total exposure received by the upper emulsion for both systems.
The four second curves show that a negligible increase above the minimum density of 0.09
occurs when the secondary exposure of configuration B is added to the primary exposure
as measured in the control curves (ADmjn = 0.01). However, in Figure 7.5 B, the minimum
density obtained for the lenticular base was 0.17 and the minimum density obtained for the
clear base was 0.21, both of which are significantly greater than 0.08 value measured in
the control curves. As predicted, the thirty-two second exposure shows a larger increase
for both systems than the four second exposure (ADC min = 0.13, ADL min = 0.09). In Figure
7.5 B, the minimum density obtained for the lenticular base was 0.17 and the minimum
density obtained for the clear base was 0.21, both of which are significantly greater than
0.08 value measured in the control curves.
No significant change from the characteristics of the control curves are observed in the
average contrast of the four second curves. At the higher exposure, the clear base
condition shows a slight reduction in contrast (yc= 1.02) compared to the average contrast
of the control curves (y0 = 1 -04) and the lenticular system shows a small increase
(y =1.11) as predicted by the previous calculations.
Based upon these observations, the lenticular and clear base systems behave in a manner
similar to spreadless and uniform fogging systems, respectively, as described. At low
exposure, the test was insensitive to any changes in measures of minimum density or
average contrast. However, changes in these parameters were indicated in the high
exposure. This observation verifies indirectly that the reflections returned to the upper
emulsion by the lower emulsion make a small, but measurable contribution compared to
those returned by the test base itself. By successfully reducing the spread within the
base, the lenslets permit an increase in average contrast and a reduction in the minimum
density of the upper layer compared to that of the clear base system.
51
1 r
s " o
1 1 r-
o0--. o o
(J - .- ^
?- in r>
HI O Q
eii i oi ci
0
1
1*
c "! r ss
g o o b 6
o
^^
-
^Mj%
*^5-v.
"
^Sst. -
o
.
1"
u to
55
o 2 ^%xUI >
0 {
CI
n (
lii (
-j j '"vH..
n < o o
E E
- 1-
z z
-
-1
-
o o
= U _l u o
<n
o
0.
X , 1 1
i\.
iUI l 1 1
z 1 i
o
X 1 1 1
1-
1i
o
o
CO
k.
3
CO
o
a.
v.
o
X
LU
JC
CD o
CO
co X
UI CD
E i_
10
o
a
CO
to 3
CD
X
UI r^
U
-J
a
a LUDC
c
CD
_J
CD
Q.
UI -) a
H CD 2 3
<
-1 u. CD ca
UI
E
CO
ca
CD
c
L- en
m i_
CD 3
O
c
o
O
in
CM
o
d
a o
T 1 1 r
>
g o q o o
Q ^ * T"
o - m
y O V *
o cv
o
J O a s
= O O CJ
o d o 6
a
o iu 10 -
Jjj " < o o"> < a e c
CO _ I- H
ui =
" 2 2
-J 2 O O
- in
LO 3
CO
o
Q.
k- X
o III
CD 5
CO o
CO _l
UI CD
E u. b.
10
o
a
<
LO
CO
3
CD
>.
ffl
X
UI r*. -1
C9
o
LU
DC
c
CD
-J
CD
a
UI ) a
h- o CO> 3
<
li. CD m
Ill
E
CO
ca
CD
c
o
m
ca ,
CI) 3
O a>
"c
o
O
Ui
CM
UI >
10 I-
2 |
= UI
a a
52
7.5 Configuration B, Lower Emulsion
Figure 7.6 shows the lower emulsion curve for both systems in configuration B.
Comparison of the minimum obtainable density, for both clear and lenticular conditions,
show both systems to be essentially the same as their control values. This indicates no
significant spreading of the light from the upper emulsion and base occurred to cause a
change in these variables even at the high exposure level.
Only estimated values of the average contrast could be obtained for all four lower
emulsion samples. For this reason, the trends can not be reliably established. In general,
the estimated average contrast is slightly greater for either base than for the respective
control curves. However, it should be noted that the slope of the curve decreases more
rapidly in the higher density regions than does the control curve.
The most important conclusion from the figure is obtained by comparing speed points.
The curves show the lower emulsion received more exposure when imaged with a clear
base than a lenticular base. The 0.37 log exposure shift indicates 2.34 times as much
illumination was being transmitted in the clear base condition when exposed for four
seconds than did the lenticular base condition. A similar offset of 0.33 log exposure units
is estimated for the thirty-two second exposure. As discussed in the modeled results, the
lenticular base transmits only about one-half of the energy transmitted by the clear base.
Rays which enter the lenticular base at a large angle are totally internally reflected and
returned to the upper emulsion or absorbed by the base. These reflections are also
indicated by the reduced speed point of the upper emulsion. The modeled and measured
offsets show close agreement.
Comparing the speed points for the four second exposure of the upper and lower layers,
the clear base acts as a 1.08 neutral density filter (1.04 neutral density for the thirty-two
second exposure), while the lenticular base is effectively a 1.48 neutral density filter (1.34
neutral density for thirty-two seconds). This indicates a clear base system transmits
between 8.3% and 9.1% of the light to the lower emulsion. The lenticular system
transmits between 3.3% and 4.6% of the light to the lower emulsion. These phenomena
indicate the lenticular system sensitivity of the lower emulsion will not be as fast as the
clear base system.
Herein lies a major constraint in the proposed lenticular system. Unless the increase in
the speed point of the lower emulsion is less than or comparable to the increase in the
speed point of a tinted base system, a primary hypothesis of the research is disproven. A
speed advantage can be gained in the lower emulsion by replacing the tinted base with
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a lenticular system only if the lenticular base transmits enough light to render an increased
exposure. Cursory measurements of a single layer of tinted base x-ray film indicate that
70% of the light is transmitted. This implies that the specific lenticular system evaluated in
this experiment does not enable the lower emulsion speed to be as good as a typical,
tinted base, dual coated x-ray film.
Herein lies a major constraint in the proposed lenticular system. Unless the increase in
the speed point of the lower emulsion is less than or comparable to the increase in the
speed point of a tinted base system, a primary hypothesis of the research is disproven. A
speed advantage can be gained in the lower emulsion by replacing the tinted base with a
lenticular system only if the lenticular base transmits enough light to render an increased
exposure. Cursory measurements of a single layer of tinted base x-ray film indicate that
70% of the light is transmitted. This implies that the specific lenticular system evaluated in
this experiment does not enable the lower emulsion speed to be as good as a typical,
tinted base, dual coated x-ray film.
Because the optical design of the lenslets, particularly their aperture size, plays a large
role in this limitation, the possibility remains that an optically more efficient lenticular base
could be designed. However, the fundamental limitation of total internal reflection remains.
In evaluating the merits of the lenticular system, one additional factor must be considered.
If the reduced exposure to the lower emulsion is offset by an increased exposure to the
upper emulsion (due to reflections from the intermediate base), a decrease in the speed
point may permit improved image quality for comparable exposure doses. The increase in
sensitivity, however, would occur in the upper layer due to reflection, not in the lower layer
due to increased transmission as proposed. The effect of the reflected light on the image
structure in the upper emulsion would require evaluation to determine if it was returned in
as image forming, or scattered light.
7.6 Configuration C, Upper Emulsion
Configuration C investigates the effect introduced by the intensifying screen below the
lower emulsion. This intensifying screen serves as an additional source of exposure in two
ways. First, the upper intensifying screen absorbs a small fraction of the x-radiation. The
majority of the x-rays penetrate both emulsions and the intermediate base and excite the
screen below. The resulting active exposure causes the second part of Berg's dual
exposure. Because it is immediately adjacent to the lower emulsion, this active exposure
forms a relatively nondegraded image. This research investigated only one-half of the dual
exposure, that created by the upper screen, because the active exposure from the lower
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screen may be predicted according Berg's concept of partial exposures.
The second way the lower intensifying screen contributes to the exposure is through front
surface reflection of light transmitted by the lower emulsion (i.e. a passive exposure).
These reflections are returned to both the upper and lower emulsions. In configuration C,
the lower intensifying screen is simulated by an opal glass which simulates its passive
nature to reflect transmitted light.
As expected, the opal glass enhances the flare-like effect of the crossover. Consider the
exposure to the upper layer in configuration C to be from three sources, a primary (direct)
exposure, a secondary exposure from the lower emulsion and base reflections, and a
tertiary exposure from the lower screen. The opal glass itself tends to spread light over a
considerable area in addition to reflecting it back to the lower emulsion and ultimately thru
the test base to the upper emulsion. In the case of the clear base system, both the
secondary and teritary sources will behave in a diffuse manner, causing a reduction in the
average contrast. For the lenticular base system, the relative intensity of the diffuse
tertiary light in relationship to the intensity of the less diffuse secondary source determines
whether the cummulative effect will tend toward the uniform fogging model, or toward the
spreadless model. Also, the radial distance of the spreading within the opal glass is a
factor. If the secondary exposure is of greater intensity, and the radial extent of the
spreading is small, then conceivably, the average contrast in configuration C could be
greater than that of the primary exposure alone. As was shown by the measurements, this
situation would be atypical, because the opal glass is more reflective than is the lower
emulsion surface.
Figure 7.7 A shows the sensitometric curves for the upper emulsion of the third
configuration when exposed for four seconds. The clear base system shows a factor of
1.29 decrease in speed point (AlogEc = 0.11), while the lenticular system shows a factor of
1.62 (AlogEL = 0.21) decrease over the response of the control strips. Compared to the
speed points of configuration B, the teritary exposure contributes no significant decrease
in speed points for the clear base system and a factor of 1.10 decrease (AlogEL = 0.04) for
the lenticular system.
With the opal glass below the lower emulsion, the minimum obtainable density of the upper
emulsion is uneffected by the secondary or tertiary exposures of the lenticular system with
a four second exposure. Although a 0.06 increase in the minimum density above that
obtained in configurations A and B is exhibited by the four second curve for the clear
base system, no measureable increase in speed point occurred.
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The physical mechanism occurring due to the addition of a tertiary source is most clearly
illustrated by the higher exposures. The lower exposure condition resulted in changes
which were too small to consistently detect trends as indicated. Speed point changes for
the thirty-two second curves shown in Figure 7.7 B system show the speed of the clear
base system increases by a factor of 1.82 (AlogEc = -0.26) with the addition of the tertiary
source. The lenticular system shows a smaller increase in speed point by a factor of only
1.17 (AlogEL = -0.07) which is probably not significant.
At the higher exposure, the tertiary source caused an increase of 0.31 in the minimum
density of the upper emulsion of the clear base system and an increase of 0.11 in the
minimum density of the upper emulsion of the lenticular system. These increases in
minimum density resulted in coordinate losses in sensitivity of both systems, as expected.
It is encouraging, however, that the loss occurring in the lenticular system has a lower
magnitude than for the clear base.
The most significant observation obtained from configuration C is a major reduction in the
average contrast of the clear base system from that obtained in configuration B. For the
four second case, average contrast of is reduced from 1.04 in configuration B to 0.97 in
configuration C. For the thirty-two second case, the average contrast is reduced from 1.02
to 0.70. All three measures in configuration C, speed point, average contrast, and
minimum density, indicate the tertiary source of exposure causes a significant degradation
in the sensitometric response of the upper emulsion in the clear base system.
The lenticular base shows similar trends but of lower magnitude because less light is
transmitted by the base. The lenticular structure causes a significant amount of light to be
lost in large angle reflections and effectively causes the lenticular material to be less
transmissive than the clear base. Although the tertiary source adds additional scattered
light, the decrease in average contrast is less for lenticular base than for clear base,
because the scattered light reflected from the opal glass is of lower intensity. For the four
second case, average contrast in configuration B is reduced from 1.02 to 0.97 in
configuration C. The thirty-two second exposure case decreases from 1.11 to 0.94
average contrast.
In summary, the measurements from configuration C show that the majority of the light is
absorbed initially by the upper emulsion. Only a small amount light is available to be
reflected from the lower surfaces. The effect of the tertiary source is compound in nature.
Depending upon its intensity and spreading within the glass, the tertiary source can act
more like an enhancing, spreadless source, or it can act as a degrading, fogging source.
In the samples evaluated experimentally, the tertiary source resulted from the very diffuse
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opal glass which provided a degraded, fogging exposure. An indication is shown that the
system sensitivity increases with the addition of a tertiary source until the intensity of the
teritary source is of a large enough magnitude that the minimum density is increased. The
limiting mechanism of this effect is determined by the light spreading that occurs within
the simulated intensifying screen.
7.7 Configuration C, Lower Layer
Results for the lower layer of configuration C shown in Figure 7.8 illustrate an increased
minimum density caused by the presence of opal glass which introduces the expected
flare-like, fogging effect. Because more energy is available in the clear base condition to
be diffusely reflected from the opal glass, a larger effect is observed than in the lenticular
base condition. The transmitted light entering the opal glass is spread over a large area.
Comparision of the lower layer of configuration C to the lower layer of configuration B,
(Figure 7.9 B), shows that the opal glass introduces a significant increase in the exposure
received by the lower layer. For the clear base system exposed for four seconds, the
minimum density increases from 0.09 to 0.90 for a net increase of 0.81 density units. At
the low exposure condition, the lenticular system exhibits a change of only 0.04 density
units (0.09-0.13).
At the higher exposure, the minimum density of the clear base system changes 1.48
density units (0.10-1.58) between configuration B and configuration C. The lenticular base
system increases 1.09 density units (0.09-1.18). Unlike the clear base system, the
lenticular system is more resilient to an increased minimum density, because the lenticular
base transmits less light to be scattered by the opal glass. An increase in minimum
density is not apparent until a sufficient amount of light penetrates all of the upper layers
and is available to be reflected by the lower opal glass.
No speed points could be estimated from these curves, which precludes a direct
calculation of the amount of energy absorbed. As a modest estimate of the exposure shift
between the clear and lenticular cases in configuration C, a calculation is made based
upon the exposure required to increase minimum density to the levels shown. Based upon
the thirty-two second curve, the clear base shows an increase of 1.48 density units (0.10-
1.58). Assuming a maximum contrast of 1.0 of the characteristic curve (which would result
in the smallest estimated exposure change), this Alog E of 1.48 corresponds to a factor of
30 increase in exposure received by the lower emulsion in the clear base configuration.
Similarly, based upon the thirty-two second curve for the lenticular system, a density
difference of 1.09 density units (0.09-1.18) is equivalent to an exposure ratio of 12. The
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lower layer of configuration C shows even more dramatically the trends established in the
other layer configurations. The lenticular base is significantly less transmissive than the
clear base which results in smaller increases in the minimum density with the addition of
opal glass as well as smaller losses in average contrast.
7.8 Summary of the Sensitometric Results
The sensitometric experiment investigated quantitatively a simulation of the proposed
lenticular film system. The purpose of these measurements was to identify the
mechanisms and trends of the layer interactions. The important findings, however, which
should be considered generic to the lenticular system are summarized below. In reviewing
the quantitative findings, the reader is reminded that the magnitude of the quantitative
results are specific to this simulation. Other lenticular systems, similar in concept, but
differing in materials or design may yield different results.
Theoretically, system speed points can be linearly combined to quantify the individual
contributions of primary, secondary, and tertiary sources. Even so, the linear combination
of these speed points is limited to cases where the reciprocity law holds and where Berg
and Spuhler's sum of partial exposures hold. Figures 7.9 and 7.10 are presented to allow
a direct comparison of speed points determined in this experiment.
In this study, the lenticular base acted much the same as a tinted base, by absorbing some
crossover radiation. Unlike a tinted base, however, only widely dispersed rays were
absorbed. Rays with little diffraction were transmitted by the base and allowed to continue
to the lower layer. This selectivity of the lenticular base is the critical feature which allows
the predicted improved image quality.
The additional exposure received by the upper emulsion due to reflections from the base is
small compared to the direct exposure received from the intensifying screen. It is on the
order of one-half to one stop for the lower exposure case and high exposure cases
respectively. Because the secondary exposure in configuration A results primarily from
reflection from the upper surface of the base and is not diffused within the base, the
increased exposure received by the upper emulsion produces an increased average
contrast with similar effects for both clear and lenticular bases.
The addition of reflections from the lower emulsion layer in configuration B, causes an
increase in the minimum density of the upper emulsion with an associated reduction in
average contrast for the clear base system. This effect is functionally similar to that
caused by a fogging exposure. Similarly, the lenticular system results in an increased
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minimum density due to reflections from the base and lower emulsion. It, however,
maintains or slightly improves its average contrast because the reflections are channeled
by the lenslets and not diffusely propagated within the base.
With respect to the lower layer in configuration B, it was found that the lenticular base is
significantly less transmitting than the clear base (by a factor of 2.0 to 2.5). This result is
consistent with the model prediction which indicates many rays are totally internally
reflected by the lenticular base. Thus, at least for the materials and configurations
evaluated, the desired decrease in speed point for the lower emulsion of the lenticular
system is not observed. Although not totally compensating, a corresponding decrease in
speed point for the upper exposure is observed due to reflections. It is believed, however,
that with a well optimized lenticular system, the exposure balance could be shifted to favor
the lower emulsion where the light will effectively increase the sensitivity as desired.
The effect of crossover is most visible in the curve shapes of the lower emulsion. A
dramatic increase in minimum density was observed with the addition of the opal glass.
As indicated in configuration B, the partial absorption of energy by the lenticular base
helps to control this degrading effect by selectively absorbing only the widely dispersed
rays, unlike a tinted base which attenuates all of the rays equally. When a lower
intensifying screen is added, as in configuration C, additional crossover degrades the
speed point, contrast, and minimum density of the upper emulsion. Similar trends are
seen in both the clear and lenticular systems with the effects being more pronounced in
the clear base system. Much of the improvement attributed to the lenticular system is due
to the selective channeling of the scattered light, thus reducing the light available to form
a tertiary source.
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8. Microstructure Evaluation
8.1 Experimental Design
Preliminary microdensitometer scans of edge samples from the sensitometry experiment
indicate that limited microstructure information can be obtained from the highly degraded
images. The original test design resulted in such poor images, that no visual difference is
observed between the clear and lenticular base samples when examined at 70X
magnification. Multiple reflections over a large area overwhelmingly control the image
formation and cause all microstructure of the image of the edge to be obliterated. The
degradation introduced by the opal glass simulation of the upper screen is so extensive
that no periodic structure can be observed or measured in the lenticular images.
Because of the above results, the layer configurations for the microstructure experiment
are changed from those used for the sensitometric experiment. The revised layer
configurations shown in Figure 8.1 allow the measurement of the image in the lower
emulsion when various levels of scattering are introduced by multiple reflections from the
upper intensifying screen and emulsion. It tests the performance of the lenticular base by
assuming a perfect image is transmitted by the upper emulsion.
A fully crossed experiment was not attempted because of the labor-intensive effort
required. The configurations selected are those expected to show the most sensitivity to
light scattering, both between layers and within layers, based upon results from ray traces
and sensitometric experimentation. The modified matrix design developed uses the NBS
test target, one of two levels of exposure for each configuration, and two film bases to test
five different layer designs (Figure 8.1). In the first configuration (Fig. 8.1 A), a lenticular
base is tested under the condition which corresponded most closely to the configuration
assumed by the model. The model includes no specific provision for extraneous light
introduced by the upper screen or an upper emulsion, hence no opal glass appears in the
system. Here, the assumed perfect image eminating from the upper emulsion is
transmitted to the lower emulsion.
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Layer Configuration A Test Pattern: NBS Edge
Clear or Lenticular Base
SO-241 w/o Backing
Black Felt
< EMULSION
Layer Configuration B SO-241 w/o Backing
Test Pattern: NBS Edge
Clear orLenticular Base
SO-241 w/o Backing
Black Felt
4 EMULSION
4 EMULSION
Layer Configuration C Opal Glass
Test Pattern: NBS Edge
Clear orLenticular Base
SO-241 w/o Backing
Black Felt
4 EMULSION
Layer Configuration D Test Pattern: NBS Edge
SO-241 w/o Backing
Black Felt
EMULSION
Layer Configuration E Test Pattern: StepWedge
SO-241 w/Backing
Black Felt
FIGURE 8.1
Layer Configurations for theMicrostructure Experiment
-4 EMULSION
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The configuration shown in Figure 8.1 B tests the performance of the base when only an
upper emulsion is present. The addition of the upper emulsion is expected to contribute
only a small increase in the light repetitively reflected by the base from that measured in
configuration A. Both the test target and the upper emulsion have an emulsion surface to
reflect light. However, because of the presence of undeveloped silver, the upper emulsion
is expected to be slightly more reflective than the relatively dense NBS edge. Finally, the
effect of both screens together is simulated in the third configuration (Fig. 8.1 C). All three
configurations are tested with both clear base and lenticular base for comparision.
In addition, two other samples were made. The first permits the frequency response
characterization of the film and microdensitometer alone. For this configuration the edge
is placed directly in contact with the film and exposed for sixteen seconds (Fig. 8.1 D).
The second test permits more accurate calibration of the microdensitometer transmission-
exposure curve and serves as an exposure control strip as described previously. By
exposing a twenty-one step wedge, which is also placed directly in contact with the
emulsion, more levels of developed density are available for measurement of the
transmission-exposure curve (Fig. 8.1 E). A detailed explanation of the determination of
this curve is discussed in Section 8.4.
Table 8.1
Exposure Times for theMicrostructure Experiment
Layer Configuration:
A: Base and lower emulsion layer only 16 sec
B: Upper& lower emulsions w/o screen diffuser 64 sec
C: Upper & lower emulsionsw/ screen diffuser 64 sec
D: No base, edge in contact with emulsion 16 sec
E: Exposure & Development Control * 16 sec
*StepWedge Only
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8.2 Exposure and Development
Because more illumination was desired to shift the exposure slightly higher on the
characteristic curve, it was necessary to remove the blue filter originally used to simulate
ANSI standard test conditions for x-ray films24. Film type SO-241 has such a narrow
spectral response to visible radiation (cutoff at 570 nm), that the presence of the filter was
unnecessary for this particular test where only relative results are to be obtained.
Changes in exposure time and illumination distance compensated for removal of the blue
filter and the upper layer of opal glass. Exposure times used for this study were 16
seconds and 64 seconds as shown in Table 8.1. The enlarger lens was lowered to a
distance of 43 cm from the film surface. In all other regards, the configuration of the
illumination system using an Omega enlarger remain unchanged.
Photographic development was in D-19, for ten minutes as described in Section 6.2.
Because its adjacency affects are minimal, the selection of D-19 permits the modulation
transfer function to be more simply determined.
8.3 Microdensitometry
Microdensitometry was performed using a semi-automated digitized system which consists
of a Zeiss SPM05 microscope photometer digitally connected with a Data General Nova
minicomputer. Both the scanning system and its computer software were provided by
Xerox Corporation.25, 26 A brief description of its configuration and associated computer
software is given in Appendix 4. Sampling was performed with a 20 x 200 micrometer
rectangular slit, with samples collected every 10 micrometers.
Scanning was performed with careful attention to slit alignment, focus, and calibration.
The slit was aligned within a 2 micrometer deviation over a 25 mm distance. According to
the literature27, this type of misalignment introduces a negligible fractional error (<2 x
10"7
at 40 c/mm) in modulation transfer calculations derived from these results. The depth of
focus of both the influx and efflux objectives is 250 micrometers28. Because only low
frequency measurements are attempted, the matched numerical aperture configuration is
acceptable, and errors introduced by coherence are considered
negligible.29
8.4 Development of the Transmission-Exposure Curve
Edge-gradient analysis for the determination of the modulation transfer function requires
that the measured transmission profiles be corrected for film response. For this purpose, a
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transmission-exposure curve was established via microdensitometer measurement of the
calibration strip. The relative exposure received by the calibration strip was scaled from a
diffuse density measurement of the twenty-one step wedge used to create the step wedge
sample. The transmission-exposure curve shown on a logarithmic scale in Figure 8.2
correlates the transmitted exposure of the step wedge with the measured transmittance of
the calibration strip.
Because the operating point chosen for each exposure is near the linear portion of the
characteristic curve, a linear regression of this estimate provides a correlation coefficient
of r = .9930. A smoothed curve fit to the data is used to transform each edge profile into
an effective exposure profile.
8.5 Data Processing for Modulation Curves
Digitized transmission profiles of the edges were processed using software developed by
Xerox Corporation specifically for image analysis. Specially designed job streams written
in a command line language applied standard Fourier analysis techniques in the
minicomputer as described below.
From the transmission profiles, seven exposure profiles were derived and averaged to
obtain a smoothed edge profile. The averaged edge profile was used to calculate a point
by point derivative as an estimate of the line spread function. An example is illustrated in
Figure 8.3.
A Hann window (raised cosine2) was applied to reduce artifacts introduced by noise30.
The window has a width of 40 points (400 micrometers) which is approximately one and
one-half times the width of the widest spread function. As shown in Figure 8.4, the
window is of significantly narrow frequency response that no adverse effects in
determination of system transfer functions result.
The effectiveness of the window in removing high frequency random noise is demonstrated
in Figure 8.5. The dashed curve shows the computed modulation without a smoothing
function. In contrast, when a 40 point
cos2 0 smoothing function is applied in the spatial
domain, a monotonically decreasing curve is obtained.
A 512 point fast Fourier transform is computed and normalized to a modulation of 1 .0 at a
frequency of 0 c/mm. The resulting frequency interval is 0.195 c/mm and the maximum
frequency, fmax, as determined by Nyquist folding is 50 c/mm. Scanning parameters were
selected so that f corresponded to the maximum response of the microscope collection
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LOG
TRANSMITTANCE
2.0
\
1.2 \
'* \
0.4 \
\
-0.4 \
\
-1.2
-2.0
0.0 0.8 1.6 2.4 3.2 4.0
LOG EXPOSURE
FIGURE 8.2
The Transmission-Exposure Curve Used to Calibrate
theMicrodensitometer Response
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0.70
0.50
LINE EDGE PROFILE
EXPOSURE X 10 *2
LINE SPREAD FUNCTION
A EXPOSURE X10'1 -30
0.10
1 1 1
Smoothed Line Edpe Profile
Line Spread Function
.. : . * * - * *: '#
,'n -i in';, <
250 500 750 1000 1250 1500 1750 2000
POSITION IN 10 MICROMETER STEPS
FIGURE 8.3
A Sample of the Measured Line Edge Profile
and Its Line Spread Function
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MODULATION
1.0
0.8
0.6
0.4
0.2
0.0
Hann Window
Microdensitometer Optics
Measurement
System
1.0 2.0 3.0 4.0 5.0
SPATIAL FREQUENCY (C/MM)
FIGURE 8.4
Frequency Response of the Microdensitometer Aperture,
Hann Window and their Convolution
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1.0
0.8
MODULATION
0.6
0.4
0.2
0.0
^^ NBSEDGE: WITH WINDOW
-- - NBS EDGE:W/O WINDOW
10 20 30 40 50
SPATIAL FREQUENCY IC/MM)
FIGURE 8.5
The Effectiveness of the Hann Window in
Removing Random Noise
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optics (50 c/mm) to reduce aliasing.31
8.6 Measurement Limitations
The curves shown in Figure 8.6, indicate the ability of the microdensitometer and the NBS
edge to measure frequency response without any degradation introduced by the film. The
calibration of the input edge cutoffs at approximately 35 c/mm for the three highest
contrast edges. Because the NBS pattern is photographically generated under controlled
conditions, the limiting factor is most probably the microdensitometer slit and optics.
The ability of the film to record image structure was evaluated for the two highest contrast
edges. The curve in Figure 8.7 for an input contrast of 32:1 shows the performance of the
SO-241 film when the NBS edge is contact printed directly onto the film in configuration D.
This transfer function estimates the total response of the NBS edge, film, and
microdensitometer as a system. It shows a smooth fall off with a 50% modulation value at
10 c/mm. The curve in Figure 8.7 for an input contrast of 13:1 appears to show an
anomalous peak, and is considered suspect. It is included here for completeness.
It is customary in the conventional definition of the term, modulation transfer function, to
scale the measured frequency response of a system by the measured response of the
input target, thus depicting a Mout(f)/Mjn(f) measurement which is independent of the
measurement method. As described in Dainty and Shaw32, such a modulation transfer
function may be defined only if the system is linear. Because of the limited scope of this
experiment, only the relative frequency spectra are reported in the figures below for
comparison with each other. No attempt was made to rescale these spectra to
compensate for the microdensitometer response or the response of the input edge. It
should be noted, however, that a relative comparison of the shapes and the magnitude of
improvement observed in these spectra, do give an appropriate indication of the
improvement obtained with a lenticular system.
8.7 Summary of the Microstructure Experiment Design
The layer configurations selected to evaluate the quality of the image formed in both the
upper and lower emulsions are summarized in Figure 8.1. Preliminary tests show that an
averaging of seven samples produces smooth profiles using edge gradient analysis as the
selected method of analysis. A microdensitometer configuration and data processing
algorithm were defined which introduce no undesirable artifact in the computed frequency
spectra.
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9. Microstructure Results and Discussion
9.1 Photomicrographs
Photomicrographs taken of selected microstructure samples serve to verify in a cursory
way numerical results obtained from frequency analysis. The examples shown below
illustrate some interesting phenomena which are particular to lenticular bases.
Figure 9.1 shows an example of how the lenticular base performs alone without effects
introduced by the SO-241 film. Instead of using SO-241 film to record its performance
directly, a 11 Ox enlargement of its image was created using the microdensitometer's
optics. The photomicrograph was exposed with the NBS edge placed on the
microdensitometer stage and the lenticular base placed immediately on top of the edge.
The edge was deliberately skewed with the halftone grid to illustrate the fringe pattern
created with crossed cylindrical lenslets. The first lenticular layer creates a line screen in
one orientation; the second creates a modulated line screen in the other orientation; the
result is a halftone pattern.
The size or depth of the fringes is a function of the orientation of the lenslets with respect
to the edge. The direction of these fringes is easily predicted. The central ray of the
fringe will always be parallel to the lenticular grid. The depth of the fringe is a function of
the extent of the point spread function of the lenticular system. As shown in Figure 9.2,
light from a single point on the upper emulsion is spread across several lenslets. The
spread depends on the lenslet spacing, the thickness of the lenticular material, and the
focal length of each lenslet. Therefore, the light received by any point Pxy located along
the edge is a function of the distance of the point to its neighboring lenslet, and the
spread function of the material. The light received at a point Pxy is equal to the sum of
the contribution from each of its surrounding lenslets, which is scaled by the radial
distance of Px from the optical center of each lenslet. In Figure 9.2, the energy at P
received from lenslet 1 is represented by Ev and similarly E2 thru E5 represent the energy
received from lenslets 2 thru 5. The number of lenslets contributing to Pxy is determined
by the difference between the extent of the spread function and the periodicity of the
lenslets. As the spread function increases, the depth of the fringes increases.
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Line Spread
Function
Cylindrical
Lenslet Grid
Dark fringes
extend beyond
mechanical
edge
Mechanical
Edge
FIGURE 9.2
Parameters Influencing the
Direction and Size of the Fringe Pattern
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The nature of these fringes becomes important in the measurement of the edges. The line
spread function, as measured by edge gradient analysis, varies depending upon the
orientation of the edge and the location of the microdensitometer slit. For example, if the
edge is aligned exactly parallel with the grid, a typical trace will appear consistent
regardless of where the scan is taken as shown in Figure 9.3 A. If as shown in Figure 9.3
B, the edge is misaligned, the measured line spread function will depend on what portion
of the fringe is scanned.
For this reason, an effective slit length of 1.4 mm is used to average the effect of thirty-five
lenslets in each scan. It is important to note, that although an effort is made to align the
NBS edge with the lenticular grid during exposure, as much as a
10
deviation may occur,
therefore broadening the measured edge.
In the photomicrograph shown in Figure 9.4, representing the results from configuration A,
there is no significant source of scattered light and therefore no narrowing of the lenticular
edge compared to the clear base example; only a structuring of the edge is present. This
photomicrograph at 70x shows the relative size of the fringes, the lenslets, and the film
granularity. A comparison of the lenticular and clear base images of an edge exposed in
configuration C is shown in Figure 9.5. This 70x photomicrograph, shows similar edge
structure with only minimal edge narrowing for the lenticular case.
9.2 Configuration Comparisons
Using Figure 8.7 as reference, the interpretation of the curves representing the spectral
content of the image formed by each configuration are discussed below. Before the
curves are presented, a qualitative assessment of the repeatability of the spectral
measurement is shown in Figure 9.6. The two curves, obtained by scanning the same
sample in two different locations, provide an estimate the measurement variability.
Figure 9.7 illustrates the edge response of the simulation measured in configuration A in
which no source of scattering was present except the base and lower emulsion. As in
Figure 8.7, the two highest contrast edges are shown. The lenticular curves show clearly
a peak at approximately 22 c/mm which corresponds to the lenticular base screen
frequency. The curves indicate that the lenticular base does concentrate light into image
forming bundles as predicted. However, the mid-frequency enhancement occurs at the
expense of the low frequency response.
In Figure 9.8, the results of configuration B are illustrated to show the effect of scattering
introduced from above by an upper emulsion. Again the screen frequency is apparent,
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Slit Alignment Considerations in the
Scanning of Edges Containing Fringes
FIGURE 9.1
The Halftone ArrayCreated by Crossed Cylindrical Lenslets
Configuration A - Clear Base
Configuration A Lenticular Base
FIGURE 9.4
A Comparision of the Edge Structure
for a Clear Base and Lenticular Base System
Clear Base
Lenticular Base
FIGURE 9.5
Comparison of the Edge Structure for Configuration C
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but in this case at approximately 17 c/mm indicating a rotation of the NBS edge with
respect to the lenticular grid at the time of exposure. These curves show negligible
differences in the low frequency region. The clear base and lenticular base conditions
perform comparably when only a low level of scattering is introduced by the upper
emulsion.
To complete the study, a comparison for configuration C is shown in Figure 9.9. Here the
structured reflection from a simulated intensifying screen is sufficiently large to cause the
peak at 17 l/mm to be larger than the frequency response shown in Figure 8.7. Despite
this enhancement by the halftone screen, no improvement is observed in the low
frequency region.
9.3 Summary
These curves show similar trends to those obtained using ray trace models. The analysis
shows that the lenticular base successfully redistributes energy from the central peak in
the line spread function, to the side lobes corresponding to the screen frequency. A
greater opportunity exists to record mid-frequency information with the proposed system
than with the traditional system. However, the presence of the lenticular screen offers little
to no improvement in the recording of a low frequency signal as determined by edge
gradient analysis.
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10. Conclusions and Recommendations
10.1 Conclusions
A lenticular film system offers an alternative to the conventional dual coated films, which
may provide increased image quality while maintaining or slightly improving the sensitivity
of the radiographic system. Both the numerical ray tracing and the experimental
evaluation found the lenticular system to effectively image light from the upper emulsion to
the lower emulsion. In doing so, the lenticular system has the following result on both the
upper and lower images:
1. The lenticular system reduces the minimum density measured in the clear system,
2. The lenticular system increases the average contrast measured in the clear system,
3. The lenticular system decreases the speed point measured in the clear system.
This improvement is limited by two factors. Because the apertures of the lenslets are
small, not all of the light transmitted by the upper emulsion is transmitted by the lenticular
base. Approximately one half of it is absorbed by the lenticular base. In addition,
degradation in the image recorded in the lower emulsion occurs due to spreading within
the opal glass, which simulated an intensifying screen.
An optimized optical design of the lenticular base may improve the efficiency of the
lenslets to collect and transmit light. The lenslets evaluated were used because they were
readily available. Future efforts should attempt to optimize the index of refraction, focal
length, aperture size, or thickness of the base. As previously stated, even in this
configuration, one half of the light was transmitted which is sufficient to obtain an
improvement in the sensitivity of the lower emulsion as compared to a clear base system.
It was found that a tinted base is significantly more transmissive than the lenticular system.
An additional limitation of the improvement is associated with the flare-like spread of the
opal glass. As mentioned in Section 7. the lenticular system will increase the sensitivity of
the system for both the upper and lower layers, until an increase in minimum density of the
upper layer is seen. Then, the lower layer will gain sensitivity at the expense of the upper
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layer. It is believed based upon Berg and Spuhler's work, that the opal glass closely
approximates an intensifying screen with respect to its diffuse reflectivity. However, it is
doubtful that an intensifying screen causes as much internal light spreading as did the
opal glass. Quantitative measures of this were not obtained.
The clear and lenticular systems exhibit the following performance characteristics:
The presence of a test base alone, either lenticular or clear, causes a small
but significant increase in the sensitivity and contrast of the upper
emulsion.
The reflections from the lower emulsion are small compared to the
reflections from the base and the opal glass simulation of an intensifying
screen.
The presence of the intensifying screen (opal glass) causes a significant
loss in the average contrast of the upper and lower emulsions for both test
bases. The loss is less severe for the lenticular system, than for the clear
base system.
The clear base transmits approximately 8-9% of the light, while the
lenticular base transmits only 3-4% of the light to the lower emulsion.
The lenticular system controls the crossover light in a manner which
reduces the spreading. This tends to increase the sensitivity and contrast
of the system in comparision to the clear base system which permits flare
like spreading. Because less scattered light is reflected between upper and
lower layers, the minimum density recorded in both upper and lower
emulsion layers is lower for a lenticular system than for a clear base
system.
Microdensitometric measurements of edge response showed mid-frequency enhancement
at approximately 22 c/mm for all lenticular samples. A modulation of 0.5 was determined
at this frequency. None of the lenticular samples showed significant increase in signal
content at low frequencies. Additional measurements using a high quality sine wave
pattern may be more sensitive to the addition of a screen, however, these measurement
show no indication of improvement in signal detection within the frequency band of
maximum visual sensitivity.
87
10.2 Recommendations
Not included in this experiment, is a determination of granularity. Radiography by nature
is subject to numerous sources of random noise. Frequently the addition of a
multiplicative halftone screen will reduce image noise introduced by the process. The
strong potential of increased signal to noise ratio offers an opportunity in improved overall
image quality which merits further investigation. This must be done using a radiographic
exposure and intensifying screens in order to obtain appropriate noise statistics. It is
doubtful that the opal glass simulations used in this study are adequate.
Before further experimental studies are undertaken, it is recommended that the lenslet
design be optimized for this application. The selection of screen frequency must be
carefully balanced between the aperture size, the frequency band in which enhancement is
desired, and the visual response function. In addition, the index of refraction and radius of
curvature must be optimized to reduce total internal reflection. The optimization of such a
system to balance these design features is extremely important to the system performance.
If a layered system is used as evaluated in this thesis, a technique of registration must be
developed. Alternatively, a viewing method which make use of the lenticular structure in
the base eliminates the problem of registration. The emulsion could be coated directly
onto the lenticular surfaces during manufacture and the two layers could be permanently
registered.
Finally, additional study should be given to the viewing of a radiograph which is imaged
using a lenticular base. A psychophysical perception study is required to understand how
the radiologist will react to the presence of a halftone dot pattern in the image. An
obvious observation of concern, is that each picture element is reversed on the lower
emulsion. This causes a piecewise reversal of the final image unless some method of
viewing projects the image back through the lenticular system.
The application of the lenticular base to radiographic imaging presents a novel solution to
the problem of crossover. The concept has been shown in this study to have merit and
several of the more significant issues have been identified and investigated. Several
additional items must be resolved before the system can be judged as superior to the
present technique of controlling crossover.
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Appendix 1 : Fortran Code for the Optical Model
C FILENAME THESIS1MM
C THIS PROGRAM TRACES A RAY THROUGH A PLANAR SURFACE
C AND THEN A LENTICULAR SURFACE
CSETF:1/DATA;IN
C SET F:2-6/PLOT;OUT OUTPUT FILES FOR INPUT TO PLOT ROUTINES
C FILE PLOT IS USED AS INPUT TO PROGRAM GRAPHY
C LYNX THE1RB OVER LMTHE1 , SUBTHE1
REALLT,L0,I1,I1P,L1P,M,L2T,I2T,I2PT
REAL NB
REAL L2PT,L2P,SNUT,MTF
DIMENSION MTF(100,5),AY3P(3),AY3(3),AU2PT(3),AU0(3)
DATA LT,NB,C,R,MTF /-.14732,1.6,0.02,0.0918948,500*0./
WRITE (108,110)
LUN = 1
40 READ (1,100) SNUT.Y0
NFLAG = 0
LFLAG=0
J = 0
LUN = LUN + 1
UT = -1.5708
70 CONTINUE
B = 0
LNSNO = 0
J = J + 1
CALL TTO0 (UT,Y0,LT,U0,L0)
WRITE (108,140) J,U0,Y0,L0
Y3 = (L0 + LT)*TAN(U0)
11 =-U0
IF ((ABS(NB*SIN(I1))) .LE. 1 .) GOTO 20
WRITE (108,120) NB'SIN (I1),Y3
NFLAG = -1
GO TO 50
20I1P =ARSIN(NB*SIN(I1))
Y1P = -L0*TAN(I1)
L1P =Y1P/(-TAN(l1P))
WRITE (108,150) UT, I1P,Y1P,L1P
C
CALL LCTL (I1P,C,L1P,Y1P,MSIGN,LNSN0,B)
WRITE (108,160) LNSNO.B.MSIGN
CALL T1T02 (11 P,Y1 P,B,MS1GN,L1 P.L2T)
CA = (L2T-R)*SIN(-I1P)
IF (ABS(CA/R) .LE. 1) GO TO 60
WRITE (108,135) CA/R.Y3
NFLAG = -1
GO TO 50
60I2T = ARSIN(CA/R)
IF (ABS(CA/(NB*R )) .LE. 1) GO TO 30
WRITE (108,130) CA/(NB*R),Y3
NFLAG = -1
GO TO 50
30 I2PT = ARSIN(CA/(NB*R))
U2PT = -I1P + I2T-I2PT
L2PT = (CA/(NB*SIN(U2PT))) + R
Y2PT = (TAN(U2PT))*L2PT
WRITE (108,170) U2PT.Y2PT.L2T
CALL T2TO0 (U2PT,L2PT,Y2PT,B,L2P,Y2P,Y3P, LT)
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WRITE (108,180) L2PT,Y2P,L2P
WRITE (108,190) Y3P.Y3
50NFLAG = NFLAG + 1
AU0(3) = U0
AY3P(3) =Y3P
AY3(3) =Y3
AU2PT(3) = U2PT
C CALCULATE ENERGY FOR UNNORMALIZED MTF
MTF(J,3) = -1.
IF(J.LT.3)GOTO420
IF (NFLAG .LT. 3) GO TO 410
ENRGYW = ABS(COS(AU2PT(2))/(AY3P(1)-AY3P(3)))
MTF(J,2) = AY3P(2)
"
MTF(J,3) = ENRGYW
410 ENRGY0 = ABS(COS(AU0(2))/(AY3(1)-AY3(3)))
MTF(J,1) = J-1
C CHECK FOR LENS CHANGE VIA LFLAG
IF (LNSNO .EQ. LFLAG) GO TO 415
MTF(J,1) = -1*MTF(J,1)
LFLAG = LNSNO
415MTF(J,4) = AY3(2)
MTF(J,5) = ENRGY0
420DO430l = 1,2
AY3(I) = AY3(I + 1)
AY3P(I) = AY3P(I + 1)
AU2PT(I) = AU2PT(I + 1)
430AU0(l) = AUO(l + 1)
UT = UT + 0.03142
IF(UT.GT. 1.57) GO TO 340
GO TO 70
340 WRITE (108,560) YO
WRITE (108,520)
DO370K=1,99
DO390l = 1,5
390 IF (MTF(K.I) .NE. 0.) GO TO 380
GO TO 660
380 IF (MTF(K,3) .GE. 0.) GO TO 375
WRITE (108,500) MTF (K,1),MTF(K,4),MTF(K,5)
GO TO 370
375 WRITE (108,510) (MTF(K,I),I = 1,5)
370 CONTINUE
C BEGIN OUTPUT FOR PLOT
660 CONTINUE
DO670K=1,99
DO690l = 1,5
690 IF (MTF(K.I) .NE. 0) GO TO 680
GOTO 700
680 WRITE (LUN.540)MTF(K,4),MTF(K,5)
670 CONTINUE
700WRITE (LUN.540)
DO770M = 1,99
DO 650 I = 1 ,5
650 IF (MTF(M.I) .NE. 0) GO TO 780
GO TO 790
780 IF (MTF(M,3) .GE. 0) GO TO 740
GO TO 770
740WRITE (LUN.540)MTF(M,2),MTF(M,3)
C CHECK LENS CHANGE FLAG & FORCE ZERO ILLUMINATION
IF (MTF(M,1) .GE. 0) GO TO 770
ZERO = 0.
WRITE (LUN.540) MTF(M,2), ZERO
WRITE (LUN.540) MTF(M + 1 ,2), ZERO
770 CONTINUE
WRITE (LUN,570)Y0
790DO440l = 1,100
DO440K=1,5
440MTF(I,K) = 0.
WRITE (108,530)
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GO TO 40
100 FORMAT (2F6.3 )
110 FORMAT ('SURFACE 1 IS PLANAR, SURFACE 2 IS LENTICULAR')
120 FORMAT ( 13X.TOTAL INTERNAL REFLECTION AT SURF. 17,
+
' SIN HP = ',F8.4/ 13X,'Y3 = \F8.4)
130 FORMAT ( 13X.TOTAL INTERNAL REFLECTION AT SURF.2V
+ 13X/SIN I2PT = \F8.4,'Y3 = ',F8.4)
135 FORMAT (13X.TOTAL INTERNAL REFLECTION UPON ENTERING SURF. 2',
+ /13X,'SIN I2T = \F8.4,'Y3 = ',F8.4)
1 40 FORMAT ( /5X,'RAY',I3,5X,'U0 = ',F8.4,5X,'Y0 = ',
CF8.4,5X,'L0 = ',F8.4)
150 FORMAT ( 3X,' UT = ', F4.2,3X,'I1P = ',F8.4,4X,'Y1P = ',
+ F8.4,4X,'L1P = ',F8.4)
160 FORMAT ( 5X,3X,3X,2X,'LNSNO = ',3X,I3,2X,6X,'B = ',
+ F8.4,2X,'MSIGN = ',3X,I2,3X)
170 FORMAT ( 5X,3X,3X,3X,'U2PT = ',F8.4,3X,'Y2PT = \F8.4,
+ 4X,'L2T = ',F8.4)
180 FORMAT ( 5X,3X,3X,3X,'L2PT = ',F8.4,4X,'Y2P = ',F8.4,4X,
+ 'L2P = ',F8.4)
190 FORMAT (31X,'Y3P = ',F8.4,5X,'Y3 = '.F8.4)
510 FORMAT (5X,F3.0,2X,F8.4,1X,F7.2,4X,F8.4,1X,F7.4)
500 FORMAT (5X,F3.0,2X,'-NOT VALID-',4X,F8.4,1X,F7.4)
520 FORMAT ('1', /,15X,'UNNORMALIZED ENERGY DIST',//,10X,
+ 'WITH LENT. BASE',5X,'WO LENT. BASE',/ /,
+ 11X/LOCATION
ENERGY'
,5X,'LOCATION ENERGY'/)
530 FORMAT ('1')
540 FORMAT (F8.4,\',F8.4)
550 FORMAT ('PROGRAM - NORMAL TERMINATION')
560 FORMAT ('1',//"""** THESIS1 Y0=
',F8.4,' ""')
570 FORMAT
(////,' * * * * THESIS1 WO & WITH
LENSLETS',' Y0 = ',F8.4 )
580 FORMAT ('*"* THESIS1 WITHOUT LENSLETS',
' Y0= \F8.4, ')
450 END
SUBROUTINE LCTL (I1P,C,L1P,Y1P,MSIGN,LNSN0,B)
REALI1P,L1P,M
DATA X2/ 0.00220/
B = 0
LNSNO =0
IF(Y1P.GE.0)GOTO10
NCNT = -1
50 IF (Y1P.GE. (NCNT'C)), GO TO 20
NCNT = NCNT-1
IF ((-1)**NCNT) ,30,40,40
30 GO TO 50
40 LNSNO = LNSNO-1
B = NCNT*C
GO TO 50
20MSIGN = ((-1)"NCNT)
GO TO 5
10NCNT=1
90 IF(Y1P.LE.(NCNT'C)) GO TO 60
NCNT=NCNT+1
IF ((-1)**NCNT) ,70,80,80
70 GO TO 90
80 LNSNO = LNSNO +1
B = NCNT*C
GO TO 90
60MSIGN = (-1)"(NCNT + 1)
C
5M =MSIGN*C/X2
U1P = -HP
X = (TAN(U1P)*L1P-B)/(M + TAN(U1P))
IF=(ABS(Y) .GE. ABS(NCNT-C)) GO TO 15
GO TO 2
SoimU'V REQUIRED ADDITIONAL INCREMENT NEAR \
+ 'SLOPE CHANGE')
IF (Y) ,25,35,35
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25NCNT = NCNT-1
IF ((-1)**NCNT) ,45,55,55
55 LNSNO = LNSNO-1
B = NCNT*C
45MSIGN = (-1)**NCNT
GO TO 5
35NCNT = NCNT + 1
IF ((-1)**NCNT) ,65,75,75
75 LNSNO = LNSNO +1
B = NCNT'C
65 MSIGN = (-1)* *(NCNT + 1)
GO TO 5
2 RETURN
END
C FILENAME RPLNR
SUBROUTINE RPLNR (U0,L0,NB,I1 ,11 P,Y1P,L1 P)
REALL0,I1,I1P,NB,L1P
11 =-U0
I1P = ARSIN(NB*SIN(I1))
Y1P = -L0*TAN(I1)
L1P = Y1P/(-TAN(l1P))
RETURN
END
C FILENAME TTOO
SUBROUTINE TTOO (UT,Y0,LT,U0,L0)
REAL LO.LT
LO = (LT*(TAN(UT)) +Y0)/TAN(UT)
U0 = UT
RETURN
END
SUBROUTINE T1T02(I1P,Y1P,B,MSIGN,L1P,L2T)
REALI1P,L1P,L2T
IF (MSIGN) 10,20,20
1 0 L2T = (B-Y1P)/TAN(1 1 P)
GO TO 2
20L2T =L1P*(Y1P-B)/Y1P
2 RETURN
END
SUBROUTINE T2TO0 ( U2PT,L2PT,Y2PT,B,L2P, Y2P,Y3P,LT)
REAL I2PT,L2PT,L2P,LT
L2P = L2PT*(Y2PT + B)/Y2PT
Y2P = B-Y2PT
Y3P = (L2P + LT) *TAN(U2PT)
RETURN
END
C THIS PROGRAM IS WRITTEN TO NORMALIZE SPREAD FUNCTIONS
C THE INPUT FILES SHOULD BE SEPARATED, CLEAR AND LENTICULAR
C AND LEADING ZEROS, ETC REMOVED. THEY SHOULD BE IN DECENDING ORDER
C A SIGNAL OF EOF MUST BE ADDED AS -1000,-1000.
CSETF:1/TEMP;IN
C SET F:2/TEMP;IN
C SET F:3/SMLSF;OUT
C
C LYNX SMOOTH OVER SMOOTHRB
C
SUM = 0
DO 101 J = 1,2000
READ(1,50)A,B
IF {(A .EQ. B) .AND. (B .EQ. -1000.)) GOT0 105
IF(A1.EQ.A)GOT095
IF(J.EQ. 1)A1=A
SUM = SUM + B*(A1-A)
95 A1 = A
101 CONTINUE
105DO201K = 1,J-1
READ (2,50) A,B
WRITE (3,50) A,B'100/SUM
201 CONTINUE
95
WRITE (108,55) SUM
55 FORMAT (F18.8)
C
50 FORMAT (F8.4,1X,F8.4)
96
Appendix 2: ANOVA for the In Tray Variability Test
Variable: Strip No 16A-20A and 16B-20B (5 levels, 2 replicates)
Variable: Exposure level as determined by the step number (12 levels, 1 replicate
Model: Two factor analysis of variance with an interaction
SST = SSR + SSC + SSI + SSE
XUk = M + Ri + Cj + ((RXC)i|) + ek(|J)
Hypothesis: The location of the strip in the tray has no effect on developed density.
Ho : ff2LOC = (ranc|om) and
The exposure level (or step number) has no effect.
H0 : Exposure = 0 (fixed) and
there is no interaction
Mean Square Error Degrees of Freedom F Ratio
SSC = 0.0072417 0.0018104 4 1.292
SSR = 76.518 6.95619 11 huge
SSI = 0.069038 0.0015690 44 1.111
SSE = 0.084700 0.0014117 60
SST = 76.6791 1 119
Conclusion: Accept the null hypothesis for location and interaction
Reject the null hypothesis for exposure.
Interpretation: There is no significant indication that the location of the test strip in the tray
effects the developed density, nor is there any interaction between a strip
location and its exposure. As expected, the exposure received by the test strip
does cause a significant difference in the developed density.
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Appendix 3: Characteristic Curve Variability
(n = 12)
it Log E Max. Min. Mean Stand. Dev Conf Interval
3.39 2.14 2.02 2.109 0.045 2.32 1.89
3.24 2.02 1.88 1.945 0.047 1.97 1.92
3.08 1.89 1.73 1.803 0.047 1.83 1.77
2.94 1.72 1.60 1.658 0.039 1.68 1.63
2.80 1.57 1.45 1.509 0.037 1.53 1.49
2.65 1.40 1.29 1.338 0.034 1.36 1.32
2.50 1.22 1.10 1.153 0.037 1.17 1.13
2.36 1.04 0.94 0.982 0.031 0.99 0.96
2.22 0.86 0.78 0.814 0.028 0.83 0.80
2.07 0.71 0.63 0.664 0.026 0.68 0.65
1.92 0.55 0.49 0.518 0.022 0.53 0.51
1.79 0.44 0.38 0.403 0.020 0.41 0.39
1.64 0.33 0.28 0.300 0.015 0.31 0.29
1.50 0.25 0.20 0.221 0.016 0.23 0.21
1.35 0.19 0.14 0.158 0.015 0.17 0.15
1.21 0.15 0.10 0.121 0.014 0.13 0.11
1.06 0.12 0.08 0.089 0.030 0.11 0.07
0.91 0.10 0.07 0.085 0.009 0.09 0.08
0.76 0.10 0.07 0.083 0.010 0.09 0.08
0.62 0.09 0.07 0.081 0.008 0.09 0.08
Critical Values
Base + Fog 0.09
Log E at Dmin 0.76
Log E at Speed Point 2.44
Log E at 2.0 + Dmin 3.363
Log E at 0.25 + Dmin 1 .684
Average Contrast 1 .02
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Appendix 4: MicrodensitometerConfiguration
Model: Zeiss SO-5
Optical Path
Illumination
Source: Quartz Halogen Lamp
Objective: 4x, LD
Collection
Optivar: 1 .25x
Objective: 4x, 0.1 NA Hybrid Leitz-Zeiss
Filter: None
Stage
Scanning Slit Aperture: 20 x 200 micrometers
Step Size: 10 x 200 micrometers
Number of Replicate Scans: 7
Samples were placed with emulsion sides facing the collection optics.
Dectector
Visual Response
PMT Voltage: 750 V
Computer Software
A command line language was used which was developed by Xerox image scientists. The
system is called Dialog, (Digital Image Analysis System) is a collection of Fortran based
analytic and input/output functions which are executed via a series of command strings.
By executing in batch mode a Dialog program consisting of a sequence of these command
lines, one can operate the system in a mode similar to an image science pocket calculator.
A sample of a sequence is shown in the job stream below. Each command line contains
an input file, an output file and one or more parameters. The job stream below converts a
reflection profile to exposure units, separates the raster scan into seven individual parts,
sums the individual files and divides to obtain an average exposure profile.
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delete: iijin-
DIL0G6 -XFKfUP RT234LE1 XF240BP ET234LE1
DrALOGStSLCT ET234LE1 StSf10i 1 513 1 1
DJALOS6.-SLCT ET234LE1 ffS(102 1 513 2 2
DrftLG>G6:QDDft SfSMOl tsn02 fSSri03
DELETE ISSnei SSSH02
DIAL0G6*SLCT ET234LE1 ffSPIOl 1 513 3 3
T>JALOG6:ADDA SS5M03 SSSnOl ftSM02
DELETE SSSM03 f*SM01
DZALOS61SLCT ET234LE1 1151101 1 513 4 4
DJAL06*ADDA SSSM02 HSM01 I1SN03
DELETE SS5M02 SSSM01
DIALOGSJSLCT ET234LE1 S1SM01 1 513 5 5
DIAL0G6:adda fisnoa sssnei issri02
DELETE SSSI103 SSSM01
DIAL0G6:SLCT ET234LE1 SSSM01 1 513 6 6
DIALOGSJADDA S*SFI02 SfSHOl SfSI103
DELETE IS9M02 SSr101
DIhLOOSJSLCT ET234LE1 SSSM01 1 513 7 7
DIALOGStADDA SSM03 SSSIWli 11SI102
DIALC'G6M1LTR SfSH03 AT234LE1 7
DELETE flSM-
DlAL0G6:XFRrVP RT234LE2 XF240BP ET234LE2;
DIALOGS tSLCT ET234LE2 tiSH01 1 513 1 1
DIALOGS tSLCT ET234LE2 SSSf102 1 513 2 2
DIAL0G6:ADDA SISP101 SSSH92 fSSr103
DELETE StSnOl SSSM02
DIAL0G6JSLCT ET234LE2 $$SP10l 1 513 3 3
DIAL0G6JADDA fSSM03 SfSHOl *ISr102
DELETE SS5H03 fSSnei
DIAL0G6:SLCT ET234LE2 SSSI101 1 513 4 4
DIALOGStADDA SSSM02 S1SP101 SSSM03
DELETE f*SFI02 SfSn01
DIflL0G6:SLCT ET234LE2 SSSn01 1 513 5 5
DlnLOCStflDDA SSSH03 SSSM01 ffSn02
DELETE SSSH03 SSSC101
DInLGG6SLCT ET234LE2 StSri01 1 513 S 6
DIAL0G6ADDA fISM02 ffSHCl 1ISM03
DELETE ttSM02 ffSM01
DIAL0G6tSLCT ET234LE2 11SP101 1-513 7 7
DIAL0Q6*ADDA 1SSM03 1151101 SfSf102
DIAL0G6SCILTR 11SH03 AT234LE2 7
R
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